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Abstract 
PEANUT BUTTER CONSUMPTION AND HEPATOCELLULAR CARCINOMA IN SUDAN 
Ph.D. thesis by Ragaa El Hadi Omer, Division of Human Nutrition and Epidemiology, 
Wageningen University, Wageningen, The Netherlands. 
12th March 2001. 
Hepatocellular carcinoma (HCC) is the sixth most common cancer in the world with 80% of 
cases occurring in developing countries in sub-Saharan regions in Africa, South-East Asia and 
China. The cancer is highly fatal and survival is generally less than 1 year from diagnosis. 
Clinical records suggest that the incidence of this cancer is high and increasing in Sudan. Major 
risk factors of HCC have been identified as dietary exposure to aflatoxins, chronic infection 
with hepatitis B virus (HBV) and other hepatitis viruses and the intake of alcoholic beverages. 
Climatic conditions, agricultural practices and the dietary patterns in Sudan, as well as in many 
of the sub-Saharan African countries, are contributing to the contamination of food with 
aflatoxins and possibly to the incidence of HCC. 
The aim of this study was to investigate the role of aflatoxins from peanut butter in the etiology 
of HCC in Sudan, and to substantiate this by studying polymorphisms of potential relevant 
genes for aflatoxin metabolism. The ultimate goal of this study was to find clues for prevention 
and control of HCC in Sudan, by investigating the relative importance of aflatoxins (peanut 
butter intake) and hepatitis infections. Accordingly, implications for agricultural and public 
health policy can be substantiated. 
First, an explorative study was conducted among 24 cases and 34 controls. This study 
confirmed that high amounts of aflatoxins (20 times above the guidelines of the World Health 
Organization) are present in Sudanese peanut butter and suggested that humid storage 
conditions might contribute to the risk of HCC. Furthermore, procedures for the main study 
were tested and adapted. 
In the main study 150 cases with HCC and 200 controls, matched for sex, were enrolled from 
West and Central Sudan. In this study, an about four-fold increased risk of HCC was observed 
among subjects with a high daily consumption of peanut butter. This association was 
considerably stronger for subjects having genetic polymorphisms of glutathione S-transferase 
Ml (GSTM1). For the polymorphisms in glutathione S-transferase Tl (GSTT1) and 
microsomal epoxide hydrolase (EPHX), no association was observed. This might indicate that 
GSTM1 is a more important rate-limiting factor in the metabolism of aflatoxins. In addition, 
we observed a positive association between the intake of peanut butter stored in humid storage 
conditions although less clear than it was in the explorative study. Regarding hepatitis 
infections, a fifteen-fold increased risk was found for those who had experienced HBV 
infections. 
The results of our study point at both exposure to aflatoxins through peanut butter intake and 
hepatitis B infection as important risk factors of HCC in Sudan. Although hepatitis B infection 
was a much stronger risk factor as compared to aflatoxins/peanut butter, the latter was almost 
equally important to public health because of the high prevalence of aflatoxin contamination. 
About fifty percent of all cases of HCC might be attributable to contamination of peanut butter. 
In order to reduce HCC in Sudan, pre and post harvest measures in agricultural policy need to 
be reinforced. At the community level, specific attention should be given to selling and 
processing of peanuts and their products at local markets. In addition, immunization of infants 
and high-risk groups against HBV infections has to be considered as a short-term strategy. 
Finally, future research would benefit from improved hospital and population registries. 
Propositions 
l 
Reducing the aflatoxin content of peanuts to permissible levels might halve the 
number of cases of hepatocellular carcinoma among the Sudanese population (this 
thesis). 
2 
Consumption of peanut butter contaminated with aflatoxins is an important cause 
of hepatocellular carcinoma in Sudan, especially among subjects with the GSTM1 
null genotype, i.e. those who are unable to detoxify the aflatoxins properly (this 
thesis). 
3 
Because of the biological interaction with aflatoxins, subjects with acquired 
susceptibility (e.g., hepatitis B infection) and subjects with genetic susceptibility 
may benefit most from aflatoxin reducing strategies. 
4 
Genetic susceptibility will often be an important source of individual variation in 
risk within populations, but less so between populations. 
5 
Epidemiological research in developing countries is crucial to implement sensible 
public health measures adapted to the local circumstances. 
6 
There is nothing like returning to a place that remains unchanged to find the ways 
in which you yourself have altered (Nelson Mandela, A long walk to freedom). 
"Say: If the ocean were ink (wherewith to write out) the words of my Lord, sooner 
would the ocean be exhausted than would be the words of my Lord, even if we 
added another ocean like it, for its aid." (Soera 18, ayia 109, Holy Koran). 
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Chapter 1 
Aflatoxins 
Historical background 
The possibility that contamination of dietary staples by aflatoxins is one of the etiologic factors 
for hepatotoxic disease, has been suggested by many authors soon after the outbreak of Turkey 
"X" disease and it was put forward that a fungal metabolite might be involved. Aflatoxins were 
detected for the first time in Brazilian groundnuts, which caused the death of about 100,000 
turkeys in Britain during the year I9601'2. 
However a number of less well-described incidents in humans and different animal species had 
preceded this outbreak. In the mid-1940s, a diet for laboratory animals that contained peanuts3 
was associated with a non-infectious disease in guinea pigs and rats; this disease was 
characterized by edema, ascites, and hepatic injury and ultimately by liver cancer in rats4'5. 
During the period 1945-1953, an outbreak of a non-infectious, hepatotoxic disease in swine, 
cattle and dogs was encountered in the southeastern United States; the swine and cattle disease 
was associated with moldy feeds. In all documented outbreaks in dogs, the commercially 
prepared feed contained peanut meal as a source of dietary protein. Later studies using diets 
from the same source produced similar symptoms and lesions in dogs; the peanut meal in these 
latter studies was found to be contaminated with aflatoxins6. 
In humans there have been numerous outbreaks that tended to be endemic in certain areas 
throughout years. In spite of limited clinical aflatoxicosis in humans, there is ample evidence 
for substantial exposure of populations in many areas of the world7. For example, in the 
Ukraine, the use of over-wintered wheat for bread making resulted in an epidemic of a fatal 
disease known at that time as alimentary toxic aleukia8. The event was attributed to certain 
fungal toxins ingested with food, but the toxin and its dose could not be specified. In children 
in Thailand a disease was identified with symptoms of Reye's syndrome9'10 characterized by 
vomiting, and fat infiltration in the liver, kidney and heart. As the symptoms of Reye's 
syndrome are approximately similar to those observed with acute aflatoxicosis in monkeys11 
aflatoxin poisoning was proposed as another possible explanation for the Thailand's children 
disease. 
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Thus aflatoxin-related diseases have been described in animals and humans in the decades 
before the dramatic outbreak of Turkey "X" disease in 1960. However this outbreak marks a 
turning point that demonstrated the seriousness of the problem, led to the recognition of the 
carcinogenicity of aflatoxins, and ultimately led to the acknowledgement that aflatoxin is both 
an economic and public health problem in many areas of the world. 
Aflatoxin contamination of foods and occurrence 
Aflatoxins are a group of highly toxic metabolites produced by fungi, Aspergillus flavus and 
the closely related species Aspergillus parasiticus12. Not all isolates of the two fungi produce 
aflatoxins, but there are indications that many species are capable of toxin production. A. flavus 
produces only aflatoxin Bi and occasionally B2, whereas A. parasiticus produces other 
aflatoxins as well (see page 4). 
Aspergillus flavus and Aspergillus parasiticus can infect peanuts and produce aflatoxins at pre 
and post harvest stages. In addition, cereal grains have been proven to be good substrates for 
aflatoxin production in laboratory studies. Aflatoxins can be found in peanut kernels, in 
unrefined peanut oil, in peanut cake and in peanut butter processed from aflatoxin-
contaminated peanuts12. Generally, the preferred carbon sources for aflatoxin production are 
glucose, sucrose or fructose. Amino acids such as glycine and glutamic acid were also found to 
be essential for aflatoxin production13. 
Among environmental factors, temperature and moisture content showed a stimulatory effect 
on production of aflatoxins. The optimal growth conditions of A. flavus for aflatoxin 
production are found to be at temperatures ranging between 28-30°C and moisture content 
level 15-35%14. Therefore, it is likely that aflatoxin contamination of foods is ubiquitous in 
areas of the world with hot, humid climates, including sub-Saharan Africa, South-East Asia 
and China. In these countries, human exposure to aflatoxins results from contamination of 
dietary staple foods. For instance in India high aflatoxin production was observed in food 
samples stored at a temperature of 31°C and 81.0% relative humidity15; in this study, a 
hazardous level of aflatoxin production was reached after 5 months of storage. The risk of 
contamination with aflatoxins can be increased due to drought stress to peanut pods during the 
pre harvest stage16; physical damage of peanut kernels can also lead to higher vulnerability to 
mould growth especially during storage periods. 
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Contamination with aflatoxins can cause economic damage to fanners and merchants, national 
losses through export reduction, cost of returning shipments of rejected crops and cost of 
control at pre and post harvest stages. Thus, the frequent occurrence of these toxins in 
agricultural commodities has a potential negative impact on the economies of the affected 
regions, especially in developing countries where harvest and post harvest techniques are not 
adequate to prevent mould growth. It has been estimated that around 25% of yearly world's 
crops are contaminated by mycotoxins17. Therefore, measures have been put forward by a joint 
FAO/WHO expert committee on food additives in 198718. More recently, the FAO/WHO19 
committee (1999) supported the evidence that aflatoxins should be treated as carcinogenic food 
contaminants, the intake of which should be reduced as much as reasonably can be achieved. In 
addition, they referred to the previous measures. 
In Sudan peanuts and its products are of great economic importance, and are important to 
agricultural export. However, fungal contamination in Sudanese groundnuts from West Sudan 
was reported to be 64 to 90%20. Sudanese groundnuts imported into the USA in the year 1981 
were found to contain high levels of aflatoxins, i.e. more than 50% of the samples contained 
over 26 (ig/kg21. It has been determined that improper handling and storage of peanuts in 
Sudan lead to multiplication of aflatoxin producing fungi and hence production of high levels 
of aflatoxins22. 
Apart from economic losses, contamination with aflatoxins also constitutes a nutrition and 
health problem. It has been suggested that consumption of aflatoxin contaminated foods may 
be related to the occurrence of kwashiorkor22b, aflatoxicosis and liver cancer. In Sudan poor 
quality peanut kernels tend to be mixed with the good ones to be used for local consumption. 
Therefore, the health effects of aflatoxins may be most serious at local level communities, 
where peanuts are used as an important dietary component. 
Chemical and physical structure of aflatoxins 
Four aflatoxins commonly occur in contaminated food and feeds: Aflatoxin Bi (AFBi), B2 
(AFB2), Gi (AFGi), and G2 (AFG2) Fig (1). AFBi is usually found in the highest concentration 
followed by AFGi, AFB2 and AFG2. A total of 17 aflatoxins have been isolated, but the term 
refers generally to the four metabolites of this group. 
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Figure 1. Aflatoxins produced by Aspergillus flavus and Aspergillus parasiticus 
The four compounds are distinguished on the color of their fluorescence under long-wave 
ultraviolet illumination (B = blue, G = green), with the subscripts relating to their relative 
chromatographic mobility. Aflatoxins are slightly soluble in water (10-30 (xg/ml), insoluble in 
non-polar solvents, and freely soluble in moderately polar organic solvents (e.g., chloroform 
and methanol)23. The lactone ring is susceptible to alkaline hydrolysis, aflatoxins are also 
degraded by ammonia or sodium hypochlorite. The melting points of aflatoxins are very high 
ranging between 237-289 °C, so aflatoxins can not readily be degraded under normal home 
cooking conditions such as boiling and frying (approx. 150 °C)24. 
Many investigators have proposed that all the other aflatoxins can be derived from aflatoxin 
Bi25"27' However, the biosynthetic relationship between the AFB group and the AFG group is 
controversial. 
Biotransformation 
The liver is the principal target organ for aflatoxin metabolism. Acute structural and functional 
liver damage has been observed in field outbreaks and has been reproduced experimentally in 
most laboratory animal species. 
Following transport across the liver cell plasma membrane, the AFBi molecule is activated by 
microsomal (tubular endoplasmic reticulum (ER)-associated) mixed-function mono-
oxygenases, requiring presence of catalytic enzymes (cytochrome P450s) to form the highly 
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reactive AFBi-S^-epoxide28. AFBi exo-8,9-epoxide is the only known genotoxic metabolite of 
AFBi that can be formed by the P450s. In humans, P450 3A4 appears to be the dominant P450 
involved in the formation of the exo-epoxide at all AFBi concentrations29"31. This epoxide may 
become hydrated to its dihydrodiol followed by sequential oxidation to dialdehyde and 
condensation with amino groups of lysine, forming Schiff bases32. AFBi-8,9-epoxide may also 
conjugate to glutathione (GSH) mediated by glutathione S-transferase (GST)33'34. This AFBi-
glutathione conjugate can be excreted primarily through the bile35. It has been described that 
polymorphisms in the GSTMi and epoxide-hydrolase (EPHX) genes may lead to less efficient 
detoxification of the AFBi-exo-8,9-epoxide, resulting in higher levels of this highly reactive 
compound. Since the glutathion S-transferase polymorphism is widely distributed in the human 
population, the role of this particular enzyme in liver cancer could be of great importance. 
Although AFBi-exo-8,9-epoxide is a very unstable molecule, it results in nuclear damage7 
since it reacts efficiently with high concentrations of DNA to form the guanyl N7 adduct 36 
(Figure 2). 
AFBi can also be oxidized by P450 1A2 to deactivated products such as aflatoxin Mi (AFMi), 
aflatoxin Qi (AFQi) and both AFBi exo-8,9-epoxide and AFBi endo-8,9-epoxide. 
Toxicity of aflatoxins 
Aflatoxins are reported to be toxic to a wide range of organisms, from bacteria to vertebrates 
and primates37. Wide differences in toxicity have been detected among the various chemical 
members of the aflatoxin family. The relative potency of the four aflatoxin types as assessed in 
ducklings is, AFBi > AFGi > AFB2> AFG2 with LD50 values of 0.36, 0.78, 1.70, and 3.44 
mg/kg, respectively38. However, data on clinical aflatoxicosis in humans is limited although 
evidence exists for aflatoxicoses of human populations in many areas of the world. Evidence of 
acute aflatoxin toxicity has been reported from Taiwan and Uganda9,10 ; it is characterized by 
vomiting, abdominal pain, pulmonary oedema, and fatty infiltration and necrosis of the liver, 
but the intake level was not reported. An outbreak of aflatoxin poisoning as a result of the 
consumption of a heavily moldy corn (6-16 mg aflatoxin/kg), was also described in Western 
India10,39. The hydroxylated metabolite of aflatoxin B1; especially AFMi was detected in urine 
of Filipinos consuming peanut butter contaminated with ~0.5 mg AFBi/kg40. Acute hepatic 
encephalopathy, due to severe aflatoxicosis occurred among Malaysians (mainly children) in 
the year 1988 \ Epidemiological investigations determined that attack rates were significantly 
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Figure 2. Metabolic pathway for activation and subsequent detoxification of aflatoxin Bi 
GST, glutathionine-S-transferase enyzmes; EPHX, epoxide hydrolase 
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higher among children who had eaten Chinese noodles one day before they died than those 
who did not. High levels of aflatoxins and their metabolites were found in blood and other 
postmortem tissues of 10 children out of 13 deaths. 
Carcinogenicity of aflatoxin 
The aflatoxins are among the most potent mutagenic and carcinogenic substances known42"45. 
AFBi is the most important of this family and is a so-called category one human carcinogen21. 
The liver is the principal target organ in all species studied, probably due to the fact that the 
formation of AFBi-DNA adducts is greater in the liver than in other organs; which can be 
explained by the enzymes expressed in the liver. The dose of AFBi required for a certain level 
of DNA-adduction in general correlates with species susceptibility46. Aflatoxin-epoxide can 
bind to the N-7 guanine codon 249 of the p53 tumor suppressor gene in human liver cells to 
cause a G - ) T transversion mutation at this site; this provides further evidence for a putative 
role of aflatoxin exposure in p53 mutagenesis47. Formation of DNA adducts of AFBi-epoxide 
is well characterized e.g., it has been observed that many aflatoxin-initiated hepatic tumours in 
trout carry cells with point mutations in the Ki-ras proto-oncogene48. The dominant species for 
all aflatoxins was a codon 12 GGA -> GTA transversion. So the susceptibility of AFBi 
towards G -> T transversions is compatible to its mutagenic properties43. 
Descriptive Epidemiology of Hepatocellular carcinoma 
World wide occurrence 
Liver cancer or hepatocellular carcinoma (HCC) has been recognized for many years as one of 
the most common malignancies. It is the sixth most common cancer in the world, with an 
estimated world wide incidence of about 540,000 in the year 1996, accounting for 5.2% of all 
new cancers4 . HCC incidence varies largely throughout the world; it is considered to be rare in 
the United States and western countries, ranking 25' among cancers and occurring at a rate of 
four to five per 100,000 population in North America, United States and Australia50'51. In the 
developing world rates of HCC are much higher (about 6-9 times), e.g. 30 per 100,000 males 
in Chad and 36 per 100,000 males in China52. HCC in developing countries accounts for more 
than 80% of the global cases, while 55% of the world new cases are accounted for by China 
alone53. The mortality of HCC is practically 100%, which is about 7.5% of all cancer deaths49; 
survival rates are very low, estimated to be 6% in five years in the USA; and it might be even 
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lower in developing countries. The incidence of HCC increases with age, affects men more 
often than women, (sex ratio of 3:1) and it usually occurs in the 5th and 6th decades of life54. 
Occurrence of hepatocellular carcinoma in Sudan 
In Sudan as well as many other countries of the developing world, no national or regional wide 
cancer registers have been established. Data on cancer risk in Sudan is very limited. Figures 
from National Health Laboratory records reported liver cancer being 1.7% of total cancer 
incidence in the period 1970-74 and 3.8% in the period 1979-84. This data suggest that HCC 
might be indeed relevant to Sudan. In addition, a higher incidence was reported from West 
Sudan than from Central Sudan55. The supposed higher risk in West Sudan might be real, since 
the ethnic groups in West Sudan are comparable to populations in Chad (neighboring country), 
where HCC incidence is reported to be high (see page 8). Thus, despite the lack of well-
established cancer registries, it is likely that HCC is a relevant public health problem to Sudan, 
as it is for other sub-Saharan African countries. 
Etiology of hepatocellular carcinoma 
The principal etiological factors for hepatocellular carcinoma have been identified as exposure 
to aflatoxins, chronic infection with viral hepatitis, and other factors such as alcohol 
consumption, possibly tobacco smoking56 and oral contraceptives use. 
Exposure to aflatoxins 
Ingestion of aflatoxin contaminated foods has been studied as a risk factor of liver cancer by a 
number of ecological and analytical epidemiological studies in different parts of the world. For 
example, the incidence of liver cancer in eight regions in Taiwan was positively associated with 
HCC mortality rates57; a perfect linear relationship was observed between dietary aflatoxin 
exposure and HCC mortality rates in four communities in southern China58. Table 1 shows the 
association between aflatoxins and HCC as observed in cohort studies, nested case-control studies 
and retrospective case-control studies. A total of four cohort studies have been reported and they 
all observed statistically significant positive associations between HCC risk and markers of 
aflatoxin exposure. Two studies from the same cohort59'60 used urinary aflatoxin as a marker of 
exposure; they reported a positive association for several urinary metabolites of aflatoxins. Four 
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nested case-control studies were reported from Taiwan; all of them reported OR/RRs exceeding 
1.0 and most of them were statistically significant. Four case-control studies from four different 
countries addressed dietary sources of aflatoxins; two of these showed clear positive associations 
while the two others failed to observe an association. 
In conclusion, the four cohort studies and the four nested case-control studies reported RRs 
ranging from about 3 to 16 for high versus low levels of biomarkers of exposure to aflatoxins. The 
four case-control studies, addressing dietary intake, reported ORs between 1.0 and 35 for high 
versus low level of intake. 
Virtually all studies in Table 1 were conducted in Asian countries. Since climatological 
conditions in these countries are similar to sub-Saharan tropical countries like Sudan, 
contamination of food with aflatoxins is likely to be relevant to these African countries as well. 
So far, this is only supported by ecological studies from Kenya61. 
Viral hepatitis 
Infections with hepatitis viruses are considered to be major risk factors of liver diseases 
including hepatocellular carcinoma. There are different hepatic virus types, but they are not all 
considered to be carcinogenic, e.g. hepatitis A and E. 
Chronic infection with hepatitis B virus can act as both initiator and promotor of liver cancer. It 
results in deletion and alteration of the host DNA genome; a point mutation of the P53 gene is 
also observed particularly in areas where there is accompanying exposure of aflatoxins in food, 
suggesting a joint role of HBV infection and aflatoxin exposure in causing HCC72. Chronic 
HBV results in widespread cell death and hence cell proliferation; this can lead to cirrhosis, 
which can provide an environment for cell with specific genetic damage to have a growth 
advantage. Hepatitis C virus is an RNA virus, and is therefore active via a mechanism other 
than integration into the host DNA. 
The etiological role of chronic hepatitis B infection in the development of HCC has been 
established extensively, numerous analytical epidemiological studies from around the world 
indicate the importance of HBV in the etiology of HCC and also from a meta-analysis study 
done by Donato et a/.74.The importance of hepatitis C virus (HCV) in the etiology of HCC was 
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initially recognized by studies in Japan75'76. Further studies have demonstrated the strength of 
this association77"79, but others did not80'81. Other viruses, such as hepatitis G virus (HGV) 
were not found to be a major risk factor for HCC in an HBV endemic area in Thailand: the risk 
of HGV was found to be ten times lower than that of HBV82. The etiological role of the new 
human DNA virus named TT virus (1 TV) on HCC was not supported, according to a case-
control study undertaken in Italy, 199983. However, as the number of studies on these other 
viruses is still limited, different results in future studies cannot be excluded yet. 
Other risk factors 
Alcohol consumption is considered to be a risk factor for liver cancer. In areas where the 
prevalence of aflatoxins and HBV is very low, it is clear that alcohol consumption is associated 
with increased risk of the development of HCC, as shown in alcoholic drinkers from northern 
Europe and North America84'85; a case-control study from China has reported similar findings71 
(Table 1). However, two cohort studies from China59 (Table 1) and Japan86 reported a non-
significant positive association between alcohol consumption and HCC; the same conclusion 
was also reached by a case-control study from Japan that investigated heavy drinking vs non 
drinking87. Synergistic effects of alcohol consumption with aflatoxin intake and with hepatitis 
infections have been shown in case-control studies from Philippine69 (Table 1) and Italy78 
respectively. 
Tobacco use may be a contributing factor in areas where liver cancer is not virally induced 
since the increased HCC risk from tobacco use is apparent among HBsAg-negative subjects88. 
A moderate excess risk of HCC among cigarette smokers has been suggested by Ross, 199259. 
Exogenous steroids, i.e. the contraceptive hormones may also be relevant in the etiology of 
HCC89. This is not likely being relevant among the poor socio-economic groups in the 
developing world. 
Toxins from blue-green algae have also been considered as an etiological factor of HCC. Some 
studies have suggested that people who drink bond-ditch water contaminated with blue-green 
algae experience higher HCC mortality rates than people who did drink deep-well water90. 
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The role of various nutritional factors including protein, minerals and vitamins in liver cancer 
is extensively reviewed53. 
The evidence for many dietary factors such as cereal (grains), vegetables and fruits, meat and 
dairy products in the association with liver cancer is limited and most of the study results are 
inconsistent. In ecological studies, protein has been suggested to protect against liver cancer. 
However, in areas where protein intake is low, the prevalence of chronic hepatitis B infection 
and exposure to aflatoxins tend to be high. However, no evidence is available from individual-
based case-control and cohort studies, either addressing protein or other macronutrients. 
Human and animal evidence concerning the effect of minerals such as iron and selenium on 
liver cancer is not considered sufficient yet to prove this association. However, several studies 
have suggested that iron overload might be involved in increasing the risk of liver cancer, and 
deficient intake of selenium has been found to increase hepatocarcinogenesis in laboratory 
animals. Epidemiological and animal studies have also shown that low serum retinol 
concentration is associated with liver cancer, and dietary vitamin A has been suggested to 
reduce the risk of hepatocellular carcinoma. 
Regarding the mechanism involved, it has been demonstrated that vitamins A and C can inhibit 
the formation of AFBi-DNA adducts in woodchuck hepatocytes91. Along similar lines oltipraz, 
a chemopreventive agent, is considered to decrease the metabolism of aflatoxin to its 
carcinogenic form and to increase the detoxification pathway92. 
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Aims and outline of the thesis 
Aflatoxin contamination of food and hepatitis B viral infection are involved in the etiology of 
hepatocellular carcinoma (HCC) in many developing countries. As appears from previous 
sections, climatic conditions in Sudan are likely to contribute to the contamination of food with 
aflatoxins, possibly contributing to the risk of HCC. So far only ecological studies have been 
reported from African countries, while evidence from individual-based epidemiological studies is 
lacking. The studies described in this thesis are designed to identify the most important etiological 
factors relevant to the incidence of HCC in Sudan, one of sub-Saharan tropical regions in Africa 
experiencing a high risk of HCC. 
Objective. The primary aim of this study is to investigate the role of peanut butter contaminated 
with aflatoxins in the etiology of HCC, in order to find clues for prevention and control among the 
Sudanese population. Following an explorative study, a case-control study (main study) was 
conducted in two regions in Sudan, supposed to be different in exposure to aflatoxins as well as 
HCC risk. 
Explorative study. To investigate the possibilities and limitations of conducting a case-control 
study in Sudan, we first conducted an explorative study in the two regions. The aims of this 
study were to compare HCC risk factors in a supposed high risk area compared to a low risk 
area, to pretest the questionnaire and the procedure for recruitment of cases and controls. 
Furthermore, it was meant to explore the possibilities to include collection of biological markers 
in the main study. The results of this study are incorporated in Chapter 2. 
Main study. The aims of the main study are to address questions of direct relevance to Sudan i.e. 
to establish the role of aflatoxins in the etiology of HCC. This is evaluated at the level of life style 
and environmental factors such as food consumption and storage conditions of peanuts. In order to 
achieve a better understanding of the mode of action of aflatoxins, and to strengthen the scientific 
rationale we also addressed polymorphisms in susceptibility genes relevant to aflatoxin 
metabolism. This is guided by the following research questions: 
1. Is the usual intake of peanut butter associated with increased risk of HCC in West and Central 
Sudan? Are subjects who lack the GSTM1 gene at particularly high risk? (Chapter 3). 
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2. Are other genetic polymorphisms involved in the metabolism of HCC relevant risk factors 
and/or modifiers of HCC risk? (Chapter 4). 
Subsequently, the alleged role of aflatoxins needs to be addressed relative to other risk factors of 
HCC. This was guided by the following research questions: 
3. What is the role of hepatitis B and C viral infections in the etiology of HCC in Sudan 
(Chapter 5). 
4. What is the relevance of joint exposure to aflatoxins and hepatitis B virus infections to the 
prevention and control of HCC in Sudan? (Chapter 6). 
Scope. The ultimate aim of this research project is to contribute to a feasible strategy to reduce 
HCC in Sudan. However, the validity of the estimated public health effects of aflatoxins depend 
on the internal validity of the study, the underlying biological mechanisms, and the 
generalizability of results. These issues are incorporated in the general discussion (Chapter 7). 
References 
The references to this introduction are provided at the end of Chapter 7. 
16 
Aflatoxin and liver cancer in Sudan 
R.E. Omer, M.I. Bakker, P. van't Veer, R.L.A.P. Hoogenboom, T.H.G. 
Polman, G.M. Alink, M.O. Idris, A.M.Y. Kadaru, FJ. Kok. 
Nutrition and Cancer An International Journal 1998, 32(3): 174-80. 
Chapter 2 
Abstract 
This study investigated whether aflatoxin contamination of peanut products may contribute to the 
incidence of hepatocellular carcinoma (HCC) in Sudan. Thirty-seven peanut butter and peanut 
samples were collected from local markets. Aflatoxin concentrations were significantly higher in 
West Sudan [87.4 ± 197.3 (SD) ug/kg], a high-risk area, compared with Central Sudan (8.5 ± 6.8 
Ug/kg), a low risk area. In West Sudan, humid local storage conditions of peanut products were 
related to high aflatoxin concentrations. In a small case-control study of HCC patients (n=24) 
and controls (n=34), an odds ratio of 7.5 (95% confidence interval = 1.4-40.2) was observed for 
humid versus dry local storage conditions. Development of an index of individual HCC 
exposure was less successful, probably due to year-to-year variability in aflatoxins in food. These 
preliminary findings justify further research into the role of aflatoxins and hepatitis in HCC 
incidence in Sudan. 
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Introduction 
Aflatoxin contamination of groundnuts is a serious problem in many parts of the world. It is 
considered to be an important cause of hepatocellular carcinoma (HCC), one of the most 
common cancers in developing tropical countries1. Studies in Mozambique, Swaziland, China 
and Korea2"5 have reported high frequency of liver cancer, compared with western countries6. 
Food mycotoxins like aflatoxin, malnutrition, hepatitis B virus infection, hepatitis C virus 
infection, alcohol intake and various parasitic infections are frequently found to coexist with 
HCC in many areas of the developing world, and there is evidence that these factors interact in 
the etiology of HCC7,8. 
The groundnut is an important crop in Sudan and one of the major export products. Few 
systematic surveys to study aflatoxin contamination of Sudanese groundnut have been 
conducted. Habish and Abdalla9 reported a wide range of aflatoxins levels in groundnut samples 
from West Sudan. Ahmed10 reported on a consignment of the Sudanese groundnut, which was 
rejected as export because of aflatoxin contamination. Omer11 showed that low quality kernels, 
because of groundnut damage by insects and moulds, are seriously contaminated with aflatoxin. 
These groundnuts of poorer quality containing the higher levels of aflatoxins, are used locally as 
an inexpensive cheap source of protein especially among the poor. 
Population-based incidence data are not available, but figures from the Sudan Cancer Registry12 
show a doubling of the proportion of HCC among all cancers over the period 1970-1974 to 
1979-1984 (from 1.7% to 3.8%); although this increase might partially be due to initial 
underdiagnosis because of a low percentage of biopsies or autopsies, these figures suggest an 
increasing incidence. Clinical experience and Khartoum hospital records, raised the suspicion 
that incidence of HCC is substantially higher in the West than in the Central Sudan. Field and 
laboratory studies have attributed the higher incidence of HCC in West Sudan to hepatitis B virus 
infection13. No study was performed to investigate the role of aflatoxin on HCC in Sudan. 
To assess whether aflatoxin contamination in peanut products contributes to the HCC incidence 
in Sudan, we compared peanut consumption, aflatoxin levels and types of storage in an alleged 
high-incidence area (West Sudan) and a low-incidence are (Central Sudan). Furthermore, we 
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explored the feasibility of conducting a case-control study in these regions to evaluate the role of 
aflatoxins in the etiology in HCC in Sudan. 
Methods 
Study period and study area 
A survey was conducted over a period of seven months (May-Nov. 1995), in West and Central 
Sudan, representing regions of higher and lower incidence of liver cancer. Sudan is situated in 
North East Africa between latitude 4 and 23 degrees north and longitudes 22 and 38 degrees east, 
within the African tropical zone.West Sudan (North Kordofan State) is an area of 229,694 km2, 
and a population size of 1,500,000. The groundnut is one of the major cultivated crops in this 
region, and its cultivation is critically dependent on rain as the only source of water. Central 
Sudan (Gazira State) is an area of 151,639 km2, and a population size of 2-3,000,000. Here, the 
groundnut is one of the main products as well; however, cultivation depends mainly on irrigation 
systems for water supply. 
Peanut butter samples 
From West and Central Sudan, three provinces were chosen randomly; in each province a district 
and in each district one health service were chosen randomly. Peanut butter samples were 
collected from a local market of each village where the health services were located, each market 
serving approximately 1500 subjects. Twenty-three peanut butter samples and four groundnut 
samples were collected from the West Sudan after seven months of local storage. Ten peanut 
butter samples were collected from Central Sudan after five months of local storage. Sample size 
(0.5-1 kg), sampling date, and type of storage were recorded. The samples were then transferred 
to Khartoum, where they were kept in a refrigerator (5°C). 
Storage was classified as mud building, dry grass house and brick house or a combination of 
these. A mud building is constructed of raw mud, the floor is not covered by any means of 
infrastructure, and it has a thatched roof. A dry grass house has walls and a roof made of straw 
supported by rafter and studs; the floor is not concrete. A brick house is constructed of mud 
bricks stacked together by means of a mixture made of mortar plasticizer and sand, the floor is 
concrete, and the roof is covered with metal sheets. 
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Aflatoxin Analysis 
The samples were analyzed at the Department for Food Safety and Health at RIKILT-DLO by 
high-performance liquid chromatography using an extraction procedure based on AOAC-method 
No. 993.1714. As a principle of this method, aflatoxin Bi (AFBi) is extracted from samples with 
85:15 (vol/vol) methanol/water. The filtrate is diluted 1:1 with 10% NaCl solution and defatted 
with hexane. AFBi is partitioned into chloroform, which is then removed by evaporation. 
Extracts are purified using 0.5g silica gel columns (Baker) and quantified by high-performance 
liquid chromatography. The samples were injected onto an LC18DB column (250 x 4.6 mm I.D; 
Supelco, Zwijndrecht, The Netherlands), and eluted with 1 N 400:510:40:50 (vol/vol/vol/vol) 
methanol/water/acetonitrile/(formic acid/NaOH-buffer), pH 3.6. Aflatoxins were detected by 
ultraviolet absorption at 365 nm. Except for three of the groundnut samples, the analyses were 
done in two independent samples, originating from the same portion as bought at the market 
place. The standard error of these duplicate analyses was 31%. Because these samples were not 
homogenized before analysis, this value represents within-sample heterogeneity rather than 
laboratory error. The mean values of the duplicates were used in further statistical analyses. 
Recoveries of AFBi in samples spiked at 16 and 250 ppb were 108 and 74%, respectively. We 
report data for Aflatoxin Bi, the most toxic and the most commonly occurring aflatoxin15; 
however, Anatoxin B2 was observed as well, in particular in the highly contaminated samples, 
comprising 20-40% of the AFBi levels. 
Case and Control Recruitment 
Twenty-four patients (20-75 years of age) were obtained by using the admission lists of four out 
of six Khartoum (capital) hospitals during the survey period. This resulted in 15 patients from 
West Sudan and 9 patients from Central Sudan. Because HCC cannot be treated in the health 
centers in West and Central Sudan, patients from West and Central Sudan who are seriously ill 
tend to receive their treatments at Khartoum hospitals, where better diagnosis and treatment are 
possible. Diagnosis of HCC was based on a series of tests with increasing certainty, i.e. liver 
function test (enzymes and protein), ultrasound investigations and liver biopsy. In this study 14 
(58%) cases had been diagnosed by biopsy. 
Controls were recruited from the health services as mentioned in Peanut Butter Samples. At each 
health service, five to seven controls (24-72 yr of age), who had no liver, stomach, or intestinal 
complaints, were randomly chosen from the admission lists. The controls were matched for sex 
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and age. This resulted in a total of 16 subjects from West and 18 from Central Sudan. The 
response rate was 100% since all invited cases and controls agreed to participate in the study. 
Exposure Assessment 
A questionnaire was developed to evaluate the degree of exposure among the two groups in a 
standardized manner. Questionnaires were completed during an oral interview. The questionnaire 
contained 36 items and focused on food habits and especially on peanut butter and other forms of 
groundnut consumption in terms of frequency, main composition of meals, quantity and storage 
conditions. To estimate aflatoxin intake of the subjects, an aflatoxin index was constructed, 
containing the following factors: frequency and quantity (portion size) of the peanut butter 
consumption, and aflatoxin content of peanut butter according to storage conditions and region. 
The oral questionnaire also inquired about potential confounders of the association of interest, 
i.e., hepatitis infections, alcohol consumption, and bilharzia. 
Data Analysis 
Because the AFBi concentrations of the samples were not normally distributed we tested for 
statistical significance between levels of AFBi between region and between storage conditions 
using a Wilcoxon rank-sum test. In further analyses the distribution was normalized by using the 
10log AFBi concentrations, and Student's t-test and regression analyses were used. 
Crude and Mantel-Haenszel adjusted odds ratios (ORs) were computed for factors representing 
the exposure to aflatoxin and other risk factors of HCC. Adjustment was carried out for age but 
not for gender, because of the few women in the dataset. 
Results 
Table 1 shows the prevalence of life style and risk factors for HCC in the alleged high-low risk 
areas (West and Central Sudan, respectively). West Sudan is socioeconomically less well 
developed: the increased odds ratio's show that people are less educated and more frequently 
farmer and laborers. Differences also relate to food pattern: in West Sudan, peanut butter is eaten 
in larger quantities and groundnuts are eaten more frequently; roasted peanut butter is typical for 
Central Sudan. Furthermore, storage conditions differ between West and Central Sudan: in 
Central Sudan, a mud building, which is considered to have the highest humidity, is used most 
often (56%), while in West Sudan, only 13% use mud buildings. In contrast, 47% of the cases 
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Table 1. Prevalence of Life style and Risk factors for Hepatocellular Carcinoma in West an 
Central Sudan, Based on the Control group of the Case-Control study 
Variables 
Demographic factors 
Age 
50-75yr 
20-49yr 
Gender 
Male 
Female 
Socioeconomic factors 
Literacy 
Illiterate 
Literate 
Occupation 
Farmer/laborer 
Merchant/soldier 
Peanut butter consumption 
Frequency 
>3 times/week 
<3 times/week 
Quantity 
Full meal 
Part meal or less 
Preparation 
Roasted 
Unroasted 
Type of storage' 
Mud building 
Dry grass house 
Brick House 
Groundnut consumption 
Frequency 
>1 ounce/day 
<1 ounce/day 
Risk factors liver disease 
Hepatitis infection 
Yes 
No 
Bilharzia infection 
Yes 
No 
Alcohol consumption 
>10 bottles/month 
<10 bottles/month 
None 
Years of alcohol consumption 
>10yr 
<10yr 
West Sudan" 
(high risk area) 
7(44) 
9(57) 
13(81) 
3(19) 
10 (63) 
6(37) 
11 (69) 
5(31) 
9(56) 
7(44) 
14 (88) 
2(12) 
6(37) 
10 (63) 
2(12) 
8(50) 
6(38) 
11(69) 
5(31) 
13(81) 
3(19) 
4(25) 
12 (75) 
4(24) 
5(31) 
7(44) 
6(37) 
10 (63) 
Central Sudan" 
(low risk area) 
15 (83) 
3(17) 
17 (94) 
1 (6) 
4(22) 
14 (78) 
9(50) 
9(50) 
8(44) 
10(56) 
8(44) 
10 (56) 
17 (94) 
1 (6) 
10 (56) 
1 (6) 
6(33) 
4(22) 
14 (78) 
8(44) 
10 (56) 
8(44) 
10 (56) 
4(22) 
7(39) 
7(39) 
6(33) 
12 (67) 
Prevalence OR* 
3.9 (0.8-19.0) 
1.0 
0.3 (0.02-2.7) 
1.0 
5.8(1.3-26.2) 
1.0 
2.2 (0.5-9.0) 
1.0 
1.6(0.4-6.2) 
1.0 
8.8(1.5-50.3) 
1.0 
0.04 (0.004-0.3) 
1.0 
0.2(0.03-1.3) 
8.0(0.8-85.3) 
1.0 
7.7(1.7-35.7) 
1.0 
5.4(1.1-25.8) 
1.0 
0.4(0.1-1.8) 
1.0 
1.0(0.2-5.7) 
0.7 (0.2-3.4) 
1.0 
1.2(0.3-4.9) 
1.0 
x2 
3.0 
1.4 
5.7 
1.2 
0.5 
6.9 
12.6 
3.0 
3.5 
7.4 
4.9 
1.4 
0.0 
0.2 
0.1 
p-value 
0.08 
0.23 
0.02 
0.3 
0.5 
0.01 
0.000 
0.08 
0.06 
0.006 
0.03 
0.2 
1.0 
0.7 
0.8 
"' Value in Parentheses is percentage.b: Value in Parentheses is 95% confidence interval. OR, odds ratio. 
c
' One control in Central Sudan combined mud building and dry grass house 
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from West Sudan use mud buildings. Hepatitis infections were reported with high frequency 
(21 of 34 controls, 62%), far more frequent in West Sudan (prevalence 81% as compared with 
44% in Central Sudan). 
The AFBi concentrations are between <1 ug/kg (detection limit is 1 ug/kg) and 781 ug/kg. 
Sixty-three percent of the samples from West Sudan were above the permissible level of 10 
ug/kg, and 50% of the samples from Central Sudan exceeded this level (Figure 1). Mean AFBi 
concentration differ significantly between West (87.4 ± 197.3 (SD)) and Central (8.54 ± 6.75 
ug/kg) Sudan (p = 0.04, Wilcoxon rank-sum test). Aflatoxin concentrations in groundnuts and 
peanut butter were similar. The highest concentrations were found in samples from mud 
buildings in West Sudan (Table 2). Mean AFBi concentration of samples from mud buildings 
and dry grass houses within West Sudan differ significantly (p = 0.005, Wilcoxon rank-sum test); 
in Central Sudan no differences were found between the types of storage. Multiple regression of 
10log AFBi concentrations showed independent associations of region (p=0.031) and storage 
conditions (p=0.010). Although adding an interaction term between region and storage 
conditions did not significantly improve the fit of the model (p=0.23), the mean and observed 
values by region and storage conditions (Figure 1, Table 2) suggest that storage conditions are 
relevant to aflatoxin concentrations in West Sudan only. 
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Figure 1. Logio aflatoxin Bi (AFBi) concentrations according to region and storage. 
Filled squares, peanut butter; filled circles, groundnut; crossed open squares, mean value. 
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Table 2. Mean aflatoxin Bi concentrations in peanut products by region and type of 
„a.b 
storage 
Storage West Sudan Central Sudan 
Mud Building 55.2(21.6-141.1)* 5.5 (2.2-13.4)* 
Dry Grass House 5.5(2.1-14.1) 4.9(1.3-19.6) 
Brick House 19.8 (6.8-57.6)t 7.4 (2.0-27.0)§ 
Overall 17.8 (8.9-35.4)° 5.8 (3.2-10.6) 
a
 Values are means expressed in ng/kg with 95% confidence interval in parentheses. Concentrations were 
transformed from analyses on a log10 scale. b
 statistical significance is as follows: *: p = 0.003;f: p = 0.13; not different from dry grass house in Central Sudan; 
{: p = 0.69; §, p = 0.90;n: border line significantly different from overall in Central Sudan (p = 0.07). 
Table 3 shows risk factors of HCC among cases and controls. The use of mud buildings for 
storage was strongly and significantly associated with HCC, which remained after adjustment for 
age and hepatitis infection or for education as an indicator of socioeconomic conditions. In 
addition, Table 3 shows the association of the aflatoxin index and HCC. This index was weakly 
associated with HCC (OR = 1.2), and was slightly strengthened within the subjects infected with 
hepatitis virus (OR = 1.5, 95% CI = 0.9-2.5). No relation was found between HCC and hepatitis 
infection, but it became weakly positive when adjusted for age. Low socioeconomic status, as 
indicated by illiteracy and job, was positively associated with HCC, but this association was 
weakened when adjusted for age, and was also related to region (not adjusted for). Other factors 
did not affect the association between the aflatoxin index and HCC in this small dataset. 
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Table 3. Association of Hepatocellular Carcinoma With Factors Representing Exposure to 
Aflatoxin, Risk Factors for Liver Disease, Socioeconomic and Demographic factors 
n OR" 
Variables Cases Controls Crude age adjusted MH-OR age + hepatitis adjusted 
MH-OR 
ExDosure to aflatoxin 
Peanut butter 
frequency 
>3 times/week 
<3 times/week 
Peanut butter quantity 
Full meal 
Part meal or less 
Type of storage 
Mud buildingb 
Dry Grass House 
Brick House 
Aflatoxin indexc 
High (index>20) 
Low (index<20) 
12 
12 
16 
S 
15 
5 
2 
14 
10 
Risk factors for liver disease 
17 
17 
22 
12 
12 
9 
12 
17 
17 
1.0(0.4-2.8) 
1.0 
1.1 (0.4-3.6) 
1.0 
7.5(1.4-40.2) 
3.3(0.5-21.3) 
1.0 
1.4(0.5-4.0) 
1.0 
1.2(0.4-3.6) 
1.0 
1.3(0.4-4.5) 
1.0 
6.1 (1.0-38.8) 
1.7(0.3-8.9) 
1.0 
1.4(0.4-4.2) 
1.0 
1.1 (0.4-3.4) 
1.0 
1.3(0.4-4.6) 
1.0 
5.1 (1.0-25.2) 
3.1 (0.4-23.4) 
1.0 
1.2(0.4-3.9) 
1.0 
Hepatitis infection 
Yes 15 21 1.0(0.4-3.0) 1.4(0.4-4.6) N.A. 
No 9 13 1.0 1.0 
12 0.8(0.2-2.3) 0.8(0.3-2.8) 1.0(0.3-3.5) 
22 1.0 1.0 1.0 
12 1.6(0.5-4.5) 1.1(0.3-3.4) 0.9(0.3-3.1) 
22 1.0 1.0 1.0 
16 1.9(0.6-5.4) 1.5(0.5-4.6) 1.3(0.4-3.9) 
18 1.0 1.0 1.0 
14 4.3(1.4-13.5) 2.6(0.7-9.3) 2.3(0.7-8.3) 
20 1.0 1.0 1.0 
Bilharzia infection 
Yes 
No 
Alcohol consumption 
>10yr 
<10yr 
Socio-economic factors 
Region 
West 
Central 
Literacy 
Illiterate 
Literate 
Occupation 
Farmer/laborer 
Merchant/soldier 
7 
17 
11 
13 
15 
9 
18 
6 
21 
3 
20 4.9(1.2-19.7) 3.7(0.9-14.7) 3.9(0.9-16.6) 
14 1.0 1.0 1.0 
a:
 Values in parentheses are 95% confidence intervals. MH, Mantel-Haenzel; NA, not applicable. 
Two additional cases and 1 control reported a use of a mud building with other storage condition; depending on the 
classification, this might slightly weaken or strengthen the association. 
c
 Aflatoxin index = frequency (times/month) * quantity (full meal = 2/part meal = 1) * aflatoxin according to storage 
condition based on Table 2; index ranges from 0 to 1.042, with high and low index defined by median among 
controls (index = 20); on average, a low index corresponds to 10 and a high value to 175. 
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Discussion 
We found the highest peanut butter consumption and highest aflatoxin concentrations in West 
Sudan, the region with the alleged highest liver cancer incidence. In this region peanut products 
stored in mud buildings were related to the highest aflatoxin concentrations and mud buildings 
were also associated with HCC in the case-control analysis. Although confirmation in a larger 
study is required, these findings support the idea that peanut butter consumption and storage 
conditions are important determinants of exposure to aflatoxins in Sudan. The study also shows 
that it is feasible to conduct a case-control study in these regions in Sudan. 
For Aspergillus flavus and the more prevalent Aspergillus parasiticus16 the optimal conditions to 
get maximum aflatoxin production are temperatures between 25 and 28°C, moisture content of 
25% and a relative humidity up to 99%. Especially when combined with pre-harvest drought 
stress, these post-harvest wet-storage conditions result in high aflatoxin contamination17. The 
temperatures are quite similar in Central and West Sudan, but in Central Sudan higher 
precipitation18 and better irrigation and drainage systems help to avoid drought stress in the 
peanuts, whereas pre-harvest drought stress is much more common in West Sudan. In line with 
this, we observed the highest aflatoxin concentrations in mud building in West Sudan; however, 
the small samples size and two months shorter post-harvest storage time in Central Sudan may 
provide an alternative explanation of this observation. 
In the case-control study we observed an association between storage in mud buildings and HCC, 
but the use of the aflatoxin index did not reveal a clear association. This apparent discrepancy 
might originate from lack of reliability in the aflatoxin index as a marker of long term individual 
exposure, relevant to the risk of HCC. Despite great expansion of groundnut production in Sudan 
during the past decades, food habits and storage conditions of the local population tend to be 
stable over long periods of time, and aflatoxin contamination in West Sudan has been reported 
already in 19719. In line with this, we observed higher consumption of peanut products and 
higher levels of aflatoxins in West Sudan. In calculating the aflatoxin index for cases and 
controls, however, several types of error are multiplied, i.e. mismeasurement of individual 
dietary habits by the food frequency, weather-related year-to-year variability in contamination 
levels, and the small sample size (of peanut products). Furthermore, as compared with the 
population size of West Sudan, subjects from Central Sudan were underrepresented among the 
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controls; because they eat fewer peanut products, the association between the aflatoxin index and 
HCC will be further attenuated. Individual dietary assessment and aflatoxin analysis in different 
food items has been used successfully in a case-control study in the Philippines, where a strong 
significant association between primary liver cancer and overall mean aflatoxin load in the diet 
was found (relative risk = 17.0, significant at 0.05 level)19. In that study, however, aflatoxin 
exposure mainly originated from two food products with high concentrations: 1) cassava and 2) 
peanut butter. In Central and West Sudan, however, peanut butter is the main aflatoxin 
containing staple food, and regional food patterns, weather and storage conditions might be the 
main determinants of exposure to aflatoxins. 
Hepatitis infection can be a confounder in the relation between aflatoxins and HCC. Indeed, we 
observed the highest frequency of self-reported hepatitis infections in West Sudan, the region 
with high consumption of peanut products and the alleged high incidence of HCC. The high 
prevalence of self reported hepatitis (21 of 34 controls), however, suggests low specificity for 
this question, resulting in misclassification. For this reason, hepatitis did not appear as a risk 
factor in the case-control study and adjustment for confounding was insufficient. Furthermore, 
the association between aflatoxin and HCC might be modified by hepatitis. Ross and co-workers4 
observed a strong interaction between hepatitis B surface antigen positivity and biomarkers of 
aflatoxin exposure in risk of liver cancer. In future studies in Sudan, the role of hepatitis 
infections need be addressed using blood tests. 
In conclusion, the small size of our study does not permit firm conclusions. However, the results 
support the initial idea that contamination of peanut products with aflatoxin might indeed 
contribute to HCC in Sudan. If these results are confirmed in a larger study, improving methods 
of local storage of peanut products may contribute to lowering liver cancer in Sudan. 
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Abstract 
Hepatocellular carcinoma (HCC) is one of the major cancers in the world. In Sudan, the 
incidence is thought to be high and increasing. 
Objective. This study aims to assess the association between peanut butter intake, as a source 
of aflatoxins, and the genetic polymorphism of glutathione-S-transferase Ml (GSTM1) in the 
etiology of HCC. 
Method. A case-control study was conducted among 150 patients and 205 controls from two 
regions in Sudan. Food habits with special reference to peanut butter consumption as well as 
peanuts storage systems have been investigated, as well as confounders such as hepatitis, 
drinking and smoking habits, and demographic characteristics. GSTM1 genotype was assessed 
in DNA extracted from blood samples (110 cases, 189 controls). 
Results. A positive association was observed for highest vs lowest quartile of peanut butter 
intake, humid storage system and HCC, with OR's (95% CI) being 3.0 (1.6-5.5) and 1.6 (1.1-
2.5) respectively. The positive association with peanut butter intake was essentially limited to 
subjects with GSTM1 null genotype with OR for highest vs lowest quartile 16.7 (2.7-105). 
Conclusion. Peanut butter consumption has been identified as a strong risk factor of HCC in a 
region with endemic aflatoxin contamination in Sudan and was essentially limited to subjects 
with the GSTM1 null genotype. 
Key Words: Peanut butter, genotype, liver carcinoma, Sudan 
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Introduction 
Aflatoxins are food-bome toxins, produced by the fungi Aspergillus flavus and Aspergillus 
parasiticus1''', and are regarded as potent toxins, mutagens, teratogens and carcinogens4. The 
most carcinogenic member of this group is aflatoxin Bi (AFBj)5, which is also the most 
commonly found. Aflatoxins have been implicated in the etiology of hepatocellular carcinoma 
(HCC), which is one of the major cancers in the world and a public health concern in many 
developing countries. Several epidemiological studies in areas of high aflatoxin exposure 
particularly in Africa, Southern China and Taiwan6"8 have further substantiated this idea. The 
geographical variation of HCC also suggests the involvement of environmental factors, such as 
exposure to aflatoxins, interaction with hepatitis B (HBV) and hepatitis C viruses (HCV), 
drinking of contaminated water, and alcohol consumption. 
In Sudan, oil seeds are of great importance in the traditional and irrigated agriculture practices. 
Peanut is the most important of the oilseeds, both for export and for local consumption. Peanut 
butter, one of the main peanut products, is considered to be a popular meal in different parts of 
the country especially among the poor socio economic groups. Improper agricultural practices, 
storage and processing lead to multiplication of aflatoxin producing fungi and hence 
production of high levels of mycotoxins. Peanuts kernels (used for peanut butter processing) 
are frequently damaged by insects, rodents and moulds and are found to be seriously 
contaminated with aflatoxins9. A wide range of aflatoxin levels has been reported in peanut 
samples from West Sudan10. In an explorative study conducted in West and Central Sudan, 
peanut butter samples from the western region scored the highest aflatoxin levels, three times 
as high as in Central Sudan, coinciding with the higher incidence of liver cancer in this region. 
The same study suggested that storage of peanuts inside humid types of stores contributes to 
higher aflatoxin levels in peanut butter in West Sudan (five fold the WHO permissible level)11. 
The n-class enzyme glutathione-S-transferase Ml (GSTM1) plays an important role in the 
defense of the body against reactive compounds. Detoxification of AFBi metabolites in 
hepatocytes by conjugation to glutathione is one of the activities of this phase II enzyme . The 
GSTM1 gene has been shown to be polymorphic13: individuals may lack GST \i enzyme 
activity due to homozygous deletion. Lack of the enzyme activity leaves more of the mutagenic 
metabolite to bind to DNA14. Individuals homozygous for the null allele may therefore be at 
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increased cancer risk when exposed to potential carcinogenic compounds. Former studies 
suggest that the risk of cancer conferred to individuals homozygous for GSTM1 gene deletion 
appears to be small, though interactions of GSTM1 with exposure factors and risk for lung 
cancer have been described15. A small case-control study among hepatitis infected subjects in 
Taiwan suggested that the GSTM1 genotype might be a modifier of the association between 
aflatoxin exposure and HCC16. 
In order to assess the potential involvement of dietary aflatoxin exposure in the etiology of 
HCC in Sudan, we compared peanut butter consumption for cases and controls in West and 
Central Sudan, as a high and low incidence area, respectively. GSTM1 genotypes of cases and 
controls were compared to determine the potential modification of the association between 
aflatoxins and HCC by genetic susceptibility. 
Methods 
Geographical background 
A case-control study was conducted during a period of two years (Sept. 1996-Sept. 1998), in 
West and Central Sudan representing regions of higher and lower incidence of liver cancer 
respectively. West Sudan (North Kordofan State) is an area of 230,000 km2, and a population 
size of 1,500,000. Central Sudan (Gazira State) is an area of 152,000 km2, and a population 
size of 2,500,000. All cases and controls resided in these regions. Since adequate diagnosis and 
treatment of liver cancer in not available in the regional hospitals, suspected cases are usually 
referred to one of the hospitals in Khartoum, the capital of the country, situated 650 Km from 
West Sudan and 500 Km from Central Sudan. 
Case recruitment 
A number of 150 patients between 21-70 years were enrolled from the two study regions, in a 
period of two successive years. Cases were recruited from 5 out of 6 hospitals in Khartoum 
(Tropical Medicine Hospital, Oumdurman Hospital, Khartoum Hospital, Soba Hospital and Ibn 
Sena Hospital). The admission lists from the departments of Internal Medicine in these 
hospitals were screened weekly to identify newly admitted HCC cases; then the responsible 
doctor and patients were contacted. Blood samples were obtained from 115 of these patients; 
missing blood samples were attributable to study logistics only. For all included subjects 
diagnosis of HCC was verified clinically, by liver function test and by ultrasound. Due to 
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severity of the disease, liver biopsy examinations and histological confirmations were obtained 
from 95% of the cases. All cases identified by these procedures agreed to participate in the 
study. 
Control recruitment 
Controls were community-based subjects, recruited from the same catchment areas as the 
cases; the number of controls was chosen proportional to the population size of the two areas. 
Therefore, four localities from West Sudan and six localities from Central Sudan were chosen 
randomly by means of a map of each region. In each locality there are 10-15 sugar shops, each 
serving a population size of 2,000-2,500 households. The sugar shops hold a complete registry 
of households with only names and sex (i.e. they were not identified by age); registration by 
the shops is required for all inhabitants in the locality, irrespective of their income. From each 
locality, one sugar shop was chosen randomly and twenty households were taken randomly 
from the shop list. Since liver cancer is more prevalent among men, this selection was made in 
a ratio 1:3 women to men. A total of 205 controls aged 25-70 years were enrolled, from 199 
blood samples were obtained (80 from West and 119 from Central). All chosen controls agreed 
to cooperate in the study. 
Diet and life style factors 
Based on the experience obtained during the explorative study11, we designed a questionnaire 
to assess peanut butter intake in a standardized manner. All participating subjects were 
interviewed personally, at hospitals for cases and at home for controls. All interviews were 
done by one person (R.O.) using the standardized questionnaire. Almost all patients were able 
to provide answers to the questionnaire except for a few who required the help of a family 
member who is always present in the hospital to assist the patient (so-called "co-patient"). The 
questionnaire inquired on the frequency and quantity of peanut butter on a daily or weekly 
basis. Frequency was inquired both "in season" and "off season", the former corresponding to 
the period of the year with active agricultural practices following the start of the rainy season, 
i.e. June - September (3 months), the latter is during the dry season, i.e. October-May (9 
months). Quantity was assessed in two ways, first in terms of meal pattern, i.e. it was asked 
whether peanut butter is eaten as a part of the meal or as a full meal; second, the amount of 
peanut butter consumed per meal was inquired and divided by the number of subjects usually 
sharing the meal. To calculate average monthly intake, a weighted average of the frequency 
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consumption "in" and "off season was used (see Table 2, note Y). In addition to peanut butter 
consumption, we also assessed the mode of storage of peanuts because this may be relevant to 
the aflatoxin content of the peanut butter bought at the local markets. Storage was classified as 
"Mud Building", "Dry Grass House", and "Brick Stones House". A Mud Building is 
constructed of raw mud, the floor is not covered by any means of infrastructures, and it has a 
thatched roof. A Dry Grass House has walls and a roof made of straw supported by rafter and 
studs, the floor is not a concrete one. A Brick Stones House is constructed of mud bricks 
stacked together by means of a mixture made of mortar plasticizer and sand, the floor is 
concrete, and the roof is covered with metal sheets. As shown in our explorative study, the 
Mud building storage type is associated with highest aflatoxin levels, especially in West Sudan 
where agricultural practices are very poor1 . The questionnaire also identified the potential 
confounders and other risk factors of HCC, e.g. hepatitis infections, smoking and drinking 
habits. 
Blood samples 
Ten ml of blood was obtained from cases and controls using the venoject system, with tubes 
containing a gel layer for separation of blood serum and cells (i.e. no coagulant material was 
used). 
From each patient, the obtained blood sample was centrifuged immediately after venapuncture 
at (2000 round per minute) for 10 minutes; the separated blood cells were then kept at minus 
20°C. Immediately after venapuncture, blood samples from controls were put in isolated foam 
boxes (at 4°C); on the same day, the samples were transported to the regional hospital 
laboratory where the serum and the cells were separated as mentioned above. These vials were 
kept at minus 20°C until they were transferred in isolated foam boxes at less than 0°C to 
Khartoum National Health Laboratory where they were stored at minus 20°C. The blood 
samples from both cases and controls were transported to Wageningen, the Netherlands in dry 
ice, for further analysis. 
Laboratory analysis 
Blood samples of 110 cases and 189 controls were available for GSTM1 genotyping. Loss of 5 
cases and 10 controls was caused by reasons unrelated to study design. DNA was extracted 
from white blood cells present in a 200 |al blood residue using the QIAamp blood kit (Qiagen 
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Inc. Valencia, California, USA). The total yield of DNA varied between 12 and 70 \\.g. The 
presence or absence of GSTM1 and GSTT1 was determined as proposed by Arand et a/.17, but 
instead of amplification of the albumin gene, B-Globin was coamplified as an internal positive 
control18. Water controls were coamplified as external negative controls. GSTT1 results were 
not used for analysis in this study. PCR reactions were carried out in 25 \x\ volume containing 
approximately 100 ng DNA, 10 pmol of each GSTM1 primer, 10 pmol of each GSTT1 primer, 
5 pmol of B-globin gene primers, 7.5 |amol deoxynucleoside triphosphates, 0.25 units of DNA 
TAQ polymerase (SphaeroQ) and 2.5 \xl of Super TAQ buffer (100 mM Tris-HCl pH 9,15mM 
MgCl2, 500 mM KC1, 0.1% gelatin, 1% Triton X-100) (HT Biotechnology Ltd. Cambridge, 
UK). After 4 minutes at 94°C for primary denaturation, the samples were processed through 36 
temperature cycles of 1 min at 94°C, 1 min at 58°C and 1 min at 72°C. The last elongation step 
was extended to 5 min. All reactions were performed in a thermal cycler (PTC-100, MJ 
Research, Inc. Watertown, Massachusetts, USA). The amplified products were visualized 
under UV light after DNA electrophoresis on an ethidium bromide-stained 2% agarose gel. The 
fragments of GSTM1, B-globin and GSTT1 were 215,350 and 480 bp in size respectively. 
Hepatitis B and hepatitis C virus infection, was determined in blood serum, and was based on 
Hepatitis B surface antigen (HBsAg) and HCV antibodies, as determined by Hepanostika 
HBsAg and ORTHO HCV 3.0 ELISA test System with Enhanced SAVe test kits (Organon 
Teknika, Boxtel, The Netherlands). The tests were performed according to the manufactures 
instructions. 
Data analysis 
The usual frequency and amount of peanut butter consumption, mode of storage and genotype 
were compared between cases and controls followed by calculation of crude odds ratio's, X2 
testing and determination of confidence intervals. Subsequently, analyses were stratified for 
age, region, gender, hepatitis infections, education and job type as potential confounders and/or 
modifiers. A variable was considered an effect modifier if the X2 of the interaction term was 
significant at p<0.05. A variable was considered a confounder if it altered the OR in the trend 
test by 10% or more. The test for trend was conducted by scoring the subsequent categories of 
intake from 1 to 4 and entering this score as a continuous variable in a logistic regression 
model. Finally, multivariate analysis was used to establish the association between usual 
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consumption of peanut butter and HCC, accounting simultaneously for the potential 
confounders, and in strata for potential modifiers. The final model is adjusted for age, region, 
hepatitis infections, storage type and stratified for genotype. All analyses were performed by 
using SAS 6.12 (SAS Institute Inc., Cary, NC, USA). All odds ratios are presented with 95% 
confidence intervals (95% CI). The final ORs for test for trend can be interpreted as the relative 
risk for developing HCC at high amount of peanut butter consumption compared to one class 
lower amount of peanut butter consumption in West and Central Sudan. OR to the power 3 
gives relative risk of the highest vs lowest quartile of peanut butter consumption. 
Results 
Table 1 provides main characteristics of cases and controls. Regarding variables that are related 
to the study design and conduct, the cases appeared to be older because the intended frequency 
matching on age could not be realized during the fieldwork. A higher percentage of cases were 
obtained from West Sudan, while the distribution among controls represents the population 
size of the two areas, as intended. HCC was three times more frequent among males and 
matching on gender was successful. 
Concerning the potential confounders, indicators of poor socio-economic status, i.e. illiteracy 
and being farmer or laborer were more prevalent among cases (P<0.001). As expected, 
infection with hepatitis B or C was much more prevalent among cases, with OR=12.9 (95% CI 
6.9-24.2). For drinking and smoking habits, prevalence among cases and controls was similar 
(P> 0.05). 
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Table 1. Main characteristics of cases and controls. 
Potential risk factor 
Design related variables 
Age 
<40 
40-59 
60+ 
Region 
West 
Central 
Gender 
Male 
Female 
Potential confouders 
Education 
Illiteracy 
Literacy 
Job type 
Farmer + Laborer 
Others 
Drinking history 
Yes 
No 
Smoking history 
Yes 
No 
Hepatitis B or C 
Yes 
No 
Cases 
(n=150) 
No. (%) 
15 
53 
82 
93 
57 
113 
37 
107 
43 
82 
68 
57 
93 
55 
95 
61 
54 
(10) 
(35) 
(55) 
(62) 
(38) 
(75) 
(25) 
(71) 
(29) 
(55) 
(45) 
(38) 
(62) 
(37) 
(63) 
(53) 
(47) 
Controls 
(n=205) 
No. (%) 
81 
99 
25 
80 
119 
153 
52 
72 
133 
74 
131 
63 
142 
78 
127 
16 
183 
(40) 
(48) 
(12) 
(40) 
(60) 
(75) 
(25) 
(35) 
(65) 
(36) 
(64) 
(31) 
(69) 
(38) 
(62) 
(8) 
(92) 
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Table 2 shows the reported food habits, storage methods and genotype. The frequency of 
peanut butter consumption is found to be substantially higher for cases both in-season and off-
season; meal serving size indicated either by meal pattern or portion size was also higher 
among cases. For all indicators of peanut butter consumption, the ORs exceeded 2.0 and were 
statistically significant. The above variables, combined to give the average consumption, show 
odds ratios increasing from 1.0 to 3.0 with test of trend being statistically significant (OR=1.5, 
95% 0=1.2-1.8). Other dietary factors, susceptible to contamination by mycotoxins (sorghum, 
millet and corn), were not materially associated to HCC; the age and region adjusted odds 
ratios for their associations with HCC were 0.8 (0.4-1.7), 1.6 (0.8-2.9) and 1.5 (0.9-2.5) for 
sorghum, millet and corn consumption respectively. Regarding storage, humid storage was 
found to be more prevalent among cases than Brick Stones and Dry Grass House (dry) storage 
types, with OR = 1.6 (95% CI=1.1-2.5). The GSTM1 null genotype, which indicates aflatoxin 
detoxification inability, was not associated with risk of HCC (OR=0.9, 0=0.6-1.5). 
Table 3 compares potential risk factors of HCC and peanut butter consumption among the 
control group. Age categories were approximately similar represented in both high and low 
peanut butter consumption levels. Although socio-economic status shows a slight association 
with peanut butter consumption, other dietary sources susceptible to be contaminated with 
aflatoxins or other mycotoxins such as sorghum, millet and corn were similarly present among 
high and low peanut butter consumption. Other variables such as region, gender, smoking and 
drinking habits showed almost no differences among the groups. Hepatitis infection was 
slightly more frequent among those with high consumption of peanut butter. The GSTM1 null 
genotype had similar frequency (± 40%) in subjects with high and low intake of peanut butter. 
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Table 2. Factors relevant to the exposure to aflatoxins among cases and controls. 
Potential risk factor Cases (n= 150)* Controls (n=205)* Odds Ratio (95% CI) 
No. (%) No. (%) 
Peanut butter consumption 
Frequency consumption in season 
< 3 times /week 
>= 3 times /week 
Frequency consumption offseason 
< 3 times /week 
>= 3 times /week 
76 
70 
96 
50 
(52) 
(48) 
(66) 
(34) 
152 
52 
162 
42 
(75) 
(25) 
(79) 
(21) 
1.0 
2.7(1.7-4.2) 
1.0 
2.0(1.2-3.3) 
Meal pattern in season 
Part of a meal 
Full meal 
Meal pattern off season 
49 (34) 117 (57) 1.0 
97 (66) 87 (43) 2.6(1.7-4.1) 
Part of a meal 
Full meal 
Portion size [quantity /person] 
Low portion size (< 25g) 
High portion size (>25g) 
Average consumption (g/month)T 
<70 
71-150 
151-300 
>300 
Main staple food consumption 
Sorghum 
No 
Yes 
Millet 
No 
Yes 
Cora 
No 
Yes 
Storage tvpe 
Dry type2 
Humid type1 
Genotype 
GSTMl* 
Present 
Null 
78 
68 
50 
96 
22 
25 
36 
63 
26 
124 
100 
50 
100 
50 
51 
99 
65 
45 
(53) 
(47) 
(34) 
(66) 
(15) 
(17) 
(25) 
(43) 
(17) 
(83) 
(67) 
(33) 
(67) 
(33) 
(34) 
(66) 
(59) 
(41) 
141 
63 
106 
98 
53 
48 
52 
51 
25 
180 
164 
41 
137 
68 
94 
111 
115 
74 
(69) 
(31) 
(52) 
(48) 
(26) 
(24) 
(25) 
(25) 
(12) 
(88) 
(80) 
(20) 
(67) 
(33) 
(46) 
(54) 
(61) 
(39) 
1.0 
2.0(1.3-3.0) 
1.0 
2.1 (1.3-3.2) 
1.0 
1.3 (0.6-2.5) 
1.7(0.9-3.2) 
3.0(1.6-5.5) 
1.0 
0.7(0.4-1.2) 
1.0 
2.0(1.1-3.2) 
1.0 
1.0(0.6-1.6) 
1.0 
1.6(1.1-2.5) 
1.0 
0.9(0.6-1.5) 
* = Peanut butter consumption data from 4 cases and 1 control were missing. 
Y= Calculated as: [3*freq "in season" + 9*freq "offseason"] * [portion size] * V12 (see methods section) 
1
 = Mud building storage system 2 = Brick stones + dry grass house storage systems. 
*= 110 cases and 189 controls. 
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Table 3. Potential risk factors of hepatocellular carcinoma stratified by peanut butter 
intake. 
Potential risk factor 
Age 
<40 
40-59 
60+ 
Region 
West 
Central 
Gender 
Male 
Female 
Education 
Illiteracy 
Literacy 
Job type 
Farmer + Laborer 
Others 
Main staple food 
Sorghum 
Yes 
No 
Millet 
Yes 
No 
Corn 
Yes 
No 
Drinking history 
Yes 
No 
Smoking history 
Yes 
No 
Hepatitis B or C infection* 
Yes 
No 
Genotype" 
Null 
Present 
Low average peanut 
consumption (n= 
No. 
45 
44 
12 
44 
57 
76 
25 
31 
70 
32 
69 
86 
15 
18 
83 
34 
67 
29 
72 
41 
60 
6 
92 
39 
55 
butter 
01) 
(%)" 
(44) 
(44) 
(12) 
(44) 
(56) 
(75) 
(25) 
(31) 
(69) 
(32) 
(68) 
(85) 
(15) 
(18) 
(82) 
(34) 
(66) 
(29) 
(71) 
(41) 
(59) 
(6) 
(94) 
(42) 
(58) 
High average peanut butter 
consumption (n=103) 
No. 
36 
54 
13 
38 
65 
76 
27 
40 
63 
41 
62 
93 
10 
23 
80 
33 
70 
34 
69 
37 
66 
10 
90 
35 
59 
(%)" 
(35) 
(52) 
(13) 
(37) 
(63) 
(74) 
(26) 
(39) 
(61) 
(40) 
(60) 
(90) 
(10) 
(22) 
(78) 
(30) 
(70) 
(33) 
(66) 
(36) 
(64) 
(10) 
(90) 
(37) 
(63) 
For each potential risk factor stratum frequencies for high and low peanut butter consumption is shown. 
n=199 "n=188 
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Table 4 shows ORs in quartiles of peanut butter consumption with test for trend and X2 for 
interaction. As compared to the crude analysis (Table 2), it appears that adjustment for age 
tends to increase the OR slightly; since matching for age was intended, we adjusted for this 
variable throughout further analysis. Moreover, the OR for the highest vs lowest level of 
exposure was 3.0 in crude analysis (Table 2) and increased only slightly (to 3.3) upon 
adjustment for age; furthermore, this OR approximately equals the OR for trend to the power 
of three (e.g., 1.503 = 3.4). When the other potential confounders were added the results for all 
categories of intake remained essentially similar, as did the test for trend. When the potential 
confounders were added jointly (combinations of three) results were similar (data not shown). 
The result for the test for trend was similar increased after adjustment for GSTM1 genotype. 
Tests for interaction identified region, storage type and genotype as potential modifiers in the 
association of peanut butter consumption with risk of HCC. 
Hepatitis infections, a supposed modifier of the aflatoxin-HCC association, did not show a 
significant interaction. After adjustment for age, OR and (95% CI) for the test for trend among 
hepatitis positive subjects was 1.23 (0.68-2.24), while it was 1.54 (1.13-2.11) among hepatitis 
negative subjects. 
Table 4. Odds ratios and test of trend for peanut butter consumption and hepatocellular 
carcinoma, adjusted for possible confounders. 
Peanut butter 
Intake (g/month) 
Adjusted for 
Age 
Age + region 
Age + sex 
Age + education 
Age + job type 
Age + storage 
Age + hepatitis2 
Age + GSTM13 
<70 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
Odds Ratios (95% Confidence Interval) 
71-150 
1.3(0.6-2.9) 
1.5(0.7-3.2) 
1.3(0.6-2.9) 
1.4(0.6-3.2) 
1.3(0.6-2.7) 
1.3(0.6-2.9) 
1.6(0.6-4.4) 
1.8(0.7-4.5) 
151-300 
1.9(0.9-3.9) 
2.0(1.0-4.2) 
1.9(0.9-3.9) 
2.0(1.0-4.3) 
1.8(0.9-4.0) 
1.8(0.9-3.7) 
1.9(0.7-5.1) 
2.0 (0.8-5.0) 
>300 
3.3 (1.7-6.5) 
3.1 (1.6-6.3) 
3.3(1.7-6.6) 
3.2(1.6-6.4) 
3.0(1.5-6.1) 
3.5(1.8-7.1) 
3.3(1.4-8.1) 
4.0(1.8-9.2) 
Test for trend1 
(95% CI) 
1.50(1.20-1.86) 
1.46(1.18-1.82) 
1.50(1.21-1.86) 
1.47(1.18-1.83) 
1.47(1.18-1.82) 
1.53(1.23-1.91) 
1.47(1.12-1.93) 
1.56(1.21-2.00) 
Effect modification 
X2 (p-value) 
11.87(0.0001) 
0.57 (0.4509) 
0.61 (0.4365) 
0.00 (0.9912) 
3.92 (0.0478) 
0.56 (0.4545) 
4.44 (0.0350) 
= Categories scored 1 to 4 respectively; the OR represents the 'average' OR comparing two adjacent categories 
of intake. OR to the power 3 approximately equals the OR for the highest vs lowest quartile of exposure. 
= The analyses were limited to a subset of 115 cases and 199 controls for whom blood samples were available 
and tested for hepatitis B and C. 
3
 = The analysis were limited to a subset of 110 cases and 189 controls for whom blood samples were available for 
determination of genotype. 
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Because of the modifiers identified, Table 5 shows results of simple stratified analysis with 
adjustment for age only. It appeared that the association between peanut butter consumption 
and HCC was essentially confined to West Sudan, dry storage type and the GSTMl null 
genotype. When all potential confounders and the three interactions (see Table 4) were 
included in a multivariate model, the OR for trend was 2.06 (0.95-4.47) and 1.73 (0.76-3.92) in 
West and Central Sudan, with the interaction being negligible (OR=1.19, 95% CI: 0.61-2.34). 
We therefore eliminated this interaction term in further models. 
However, the interaction with storage type remained (OR for interaction=0.51, 0.27-0.98), with 
OR=1.73 (0.76-3.92) for dry storage and OR=0.88 (0.42-1.85) for humid storage. As these 
associations are both compatible with the null-hypothesis and in opposite direction, we decided 
to simplify the final model by eliminating this interaction term. Again, elimination of this 
interaction term did not materially alter the interaction term for GSTMl and peanut butter 
intake, i.e. the strength of the association in the two strata for genotype remains the same. 
Moreover, This GSTMl-peanut butter interaction remained in strata for region, and was not 
affected when other dietary factors (sorghum, millet and corn) were included in the model. 
Table 5: Odds Ratios and test of trend for peanut butter consumption and hepatocellular 
carcinoma, in strata for possible effect modifiers. 
Peanut butter 
consumption 
Simple stratified 
Region 
West 
Central 
Storage 
Humid 
Dry 
GSTMl 
Null 
Present 
Multi-variate 
GSTMl1 
Null 
Present 
Age-
<70 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
adjusted odds ratios (95% confidence intervals) 
71-150 151-300 >300 
3.0(1.0-9.3) 
0.6(0.2-1.8) 
1.4(0.5-3.7) 
1.4(0.3-5.4) 
4.0 (0.6-27.2) 
1.3(0.5-3.7) 
2.8(0.4-19.5) 
1.2(0.3-4.7) 
4.2(1.4-12.1) 
0.8 (0.3-2.2) 
1.4(0.6-3.5) 
2.9(0.8-11.0) 
6.0(1.0-36.3) 
1.3 (0.4-4.0) 
4.1 (0.7-25.5) 
1.1 (0.3-4.3) 
8.7 (3.4-22.5) 
0.7(0.2-2.1) 
2.2 (0.9-5.6) 
6.8(2.1-21.6) 
18.9(3.1-116.6) 
2.1 (0.8-5.4) 
16.7(2.7-104.8) 
1.0 (0.3-3.3) 
Test for trend2 
(95% CI) 
1.98(1.47-2.66) 
0.93(0.66-1.32) 
1.28(0.96-1.71) 
1.98(1.38-2.85) 
2.44(1.48-4.03) 
1.27(0.95-1.71) 
2.47(1.44-4.25) 
0.98(0.67-1.44) 
'= X2 for interaction=7.00 (P=0.0081); model includes: age, region, storage type, hepatitis. 
2
=See Table 4, note 1. 
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The final model in Table 5 shows ORs in strata for GST, controlled for confounding effects. In 
this model, storage type, genotype, region and hepatitis infection were added simultaneously, 
and as before region ceased to be a modifier (P for 'interaction'>0.60); hepatitis was still found 
to be a confounder, but addition of education and job type did not change the results of the test 
for trend. GSTM1 null genotype remained a modifier throughout all analyses. In this final 
model, the association of peanut butter consumption and HCC is significantly higher in 
subjects with GSTM1 null genotype, compared to subjects with GSTM1 present. Risk by 
humid storage type remains approximately unchanged, with OR=1.5 (95% CI 0.7-2.9). 
Discussion 
A positive association has been observed in this study for highest vs lowest quartile of peanut 
butter intake, humid storage system and HCC, with ORs (95% CI) being 3.0 (1.6-5.5) and 1.6 
(1.1-2.5), respectively. The positive association with peanut butter intake is essentially limited 
to subjects with the GSTM1 null genotype with OR (95% CI) being 16.7 (2.7-105) for the 
highest vs lowest quartile. 
Cases were enrolled, using the registration lists of five out of six hospitals in Khartoum. In 
these five hospitals almost all cases with HCC from the two study regions are diagnosed and 
treated. Moreover, Ibn Sena hospital (one of the five hospitals) is a National Center for 
Gastrointestinal and Liver diseases so a large proportion of suspected HCC patients is referred 
to this hospital. The only non-participating hospital serves a catchment area that is of minor 
relevance to patients from West and Central Sudan. Therefore, we expect that our weekly 
screening of the hospital admission lists will only have missed few patients, i.e. those who 
might have been deceased before they could reach the hospital and those who had been missed 
during the periods of control recruitment (a total of four weeks during the two-year study 
period); in Sudan, this can not be verified by health administration systems, however. 
Controls were chosen on a random basis, in a manner that it is independent of exposure to 
dietary habits, with the number of controls from West and Central Sudan proportional to the 
population size in these regions. For those regions several sugar shops were chosen randomly 
(see: methods part). As social, cultural and demographic characteristics are homogeneous 
within the two regions, the random chosen sugar shops are thought to be representative for 
food habits and aflatoxin exposure in the regions at large. In theory, referral patterns of cases 
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and controls might be associated with aflatoxin exposure, e.g. mediated by socioeconomic 
factors such as education, job or sex. However, these factors were not materially associated 
with peanut butter consumption (Table 3) and statistical adjustment for these factors did not 
alter the results (Table 4). 
In order to assess the usual intake of peanut butter, frequency and portion size were assessed 
over a time frame of at least one year. For all indicators of peanut butter consumption, a 
positive association with HCC was observed; moreover, the consumption frequency in and off-
season were positively correlated, as was the quantity expressed by either portion size or by the 
meal pattern suggesting a stable food pattern over the year. In the Sudanese population, use of 
peanut butter is a common and traditional practice and there is no knowledge or concern on 
aflatoxin among the population. Given these stable food habits, the design and standardized 
format of the questionnaire and the fact that all subjects were questioned by only one person, 
systematic errors in assessment of peanut butter intake are not considered a serious problem to 
our investigation. Therefore, information bias is not a likely explanation for the positive 
association between peanut butter consumption and HCC; moreover, the observed interaction 
with GSTM1 genotype cannot be affected by information bias. 
The assessment of storage conditions, however, might have been a less reliable indicator of 
exposure to aflatoxins. The kernels used for local production of peanut butter may be the poor 
ones that are not considered suitable for export. Moreover, the consumers are not always aware 
of the storage conditions and they may differ even when the peanut butter is bought from the 
same local market. As reported earlier, the western region is considered to have a higher 
incidence of HCC11,19; peanuts from this region were reported to contain high levels and a wide 
range of aflatoxins10. We considered that this might be caused by the use of mud storage type 
in this region, as in our small explorative case-control study a strong association was observed 
for humid vs dry type of storage with OR (95%CI) of 7.5 (1.4-40.2)11. However, this positive 
association is clearly much weaker in the present study (OR=l .6). Therefore, the results for 
storage condition need to be interpreted with some caution. 
Age, region, education level and job types were evaluated as potential confounders of the 
association between peanut butter and HCC. The potential bias was accounted for by stratified 
analysis (Mantel Haenszel method), followed by logistic regression that accounted for several 
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confounders simultaneously. In fact only age appeared to be a mild confounder that required 
adjustment in further analyses. 
The presence of three potential modifiers of the association between peanut butter intake and 
HCC complicated the analysis and interpretation. Moreover, in order to reduce chance findings 
in this relatively small data set, stratification by two factors simultaneously was not considered 
appropriate, and we have to interpret the findings using independent scientific information. In 
this section we will motivate our interpretation by first discussing the role of GST (our primary 
hypothesis), followed by region and storage conditions. 
In this study, high consumption of peanut butter gives a 17-fold increased risk on HCC, which 
was limited to the subject with the GSTM1 null genotype. However, the prevalence of the 
GSTM1 null genotype was similar in cases and controls (about 40%), with OR=0.9 (95%CI 
0.6-1.5), indicating that genotype alone is not a risk factor. Since the GSTM1 gene codes for a 
carcinogen-detoxification enzyme, increased risk may be present only in individuals with 
exposure to aflatoxins18. Thus, the effect modification by GSTM1 is in line with aflatoxins 
being the actual risk factor for HCC in this population. In other studies, subjects with the 
GSTM1 null genotype also tended to be at greater risk for HCC when exposed to aflatoxins16. 
Moreover, the interaction between peanut butter consumption and GSTM1 remained 
statistically significant in all multivariate analyses we conducted. 
The results of Table 4 suggest that region is also an effect modifier of the association between 
peanut butter intake and HCC, since the positive association was confined to the western 
region. In theory, modification by region might be due to differences in ethnicity existing in the 
two regions, since West and Central Sudan are populated by subjects from African and Arabic 
origin, respectively. Racial differences in GSTM1 genotype have been described: Frequencies 
of homozygous deletions vary between 20% in Africans from Nigeria and 50% in Malay from 
Singapore15. Although differences might be present for other relevant genetic properties, the 
frequency of GSTM1 null genotype was equal in both regions. Moreover, while the 
modification by genotype remained, the modification by region ceased to exist in multivariate 
and stratified analysis. 
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Finally, a positive association was observed between humid storage conditions and HCC 
(Table 2). However, the interaction between storage type and peanut butter intake observed in 
Table 4 is difficult to interpret. Apart from a possible lack of reliability in its assessment, this 
may be due to its limited relevance to aflatoxin exposure and statistical reasons. 
First, aflatoxin level in peanuts varies about 3 fold by storage type", whereas intake of peanut 
butter varies 20-fold. In line with this, peanut butter consumption was much more stronger 
associated with risk of HCC than was storage type, when both variables were included in the 
model. Second, we were surprised that peanut butter processed from humid storage conditions 
showed a weaker association with HCC (OR=T.28) than peanut butter obtained from dry 
storage conditions (OR=1.98, Table 5). When both the interaction with GSTM1 and region 
were taken into account in the analysis, the estimates for humid and dry storage conditions 
came close to 1 and lost statistical significance. By doing this, results for other variables 
(GSTM1, the interaction term, age and hepatitis) remained essentially similar. 
Results from some other studies have suggested synergism between aflatoxin exposure and 
chronic HBV infection in the causation of HCC ' ' . In our study, the OR for high vs low 
peanut butter consumption was 1.23 (0.74-2.03) and 1.46 (1.10-1.95) for hepatitis positive vs 
negative subjects. Thus, hepatitis and peanut butter consumption seem to be statistically 
independent risk factors, affecting risk of HCC in a multiplicative fashion. Of course, as the 
hepatitis positive subjects have a tenfold increased risk of HCC, the attributable risk of peanut 
butter consumption among these subjects will far exceed the attributable risk among the 
hepatitis-negative subjects. Regarding the population attributable risk due to aflatoxin 
contaminated peanut butter; it appears from our data that almost 50% of all HCC could be 
avoided when peanut butter consumption would be limited to the lowest quartile, or when 
aflatoxin intake could be reduced correspondingly. Among subjects with GSTM1 null 
genotype this would be even 80-90%. 
The observed positive relationship between exposure to aflatoxin and cancer20 has modified the 
believe that "aflatoxin ingestion may increase the risk of liver cancer"3, to a conclusion that 
aflatoxin is a definite human carcinogen20. In Swaziland in regions of little variation of HBV 
infection, HCC incidence was found to be coinciding with daily intake levels of aflatoxin6. In 
Mozambique and Transkei, the mean daily aflatoxin intake, in particular AFBi, was found to 
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be significantly related to the incidence of HCC21. On the other hand Campbell et al.2 , failed 
to find a positive association between aflatoxin exposure and HCC mortality rate in a cross-
sectional study undertaken in China. Biomarkers of aflatoxin intake have been used to assess 
the postulated association with HCC more clearly. Urinary aflatoxins were measured in eight 
districts in Kenya, showing a reasonable correlation between HCC and AFBi23. Hatch et al.24 
have also reported a correlation between aflatoxin urinary metabolites and HCC incidence in 
regions in Taiwan. In nested case-control studies in Taiwan, AFBi-albumin adducts were 
found to correlate with HCC risk16'25. In a cohort study in an area with high HCC in China, the 
estimated AFBi intake was positively correlated to HCC mortality rates7. Thus, ecological and 
analytical epidemiologic studies support a positive association between aflatoxin and HCC26"28. 
In conclusion, in a region with endemic aflatoxin contamination of peanuts we identified 
peanut butter consumption to be a strong risk factor of HCC, essentially limited to subjects 
with the GSTM1 null genotype, i.e. those who are considered unable to detoxify the aflatoxins 
properly. Deletion of the GSTM1 gene is common in Sudan, as 40% of the study population 
appears to have the null genotype. This implies that the proportion of cancer attributable to the 
combination of aflatoxin exposure and this genetic polymorphism may be large in the general 
population in Sudan. 
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Chapter 4 
Abstract 
Exposure to aflatoxins is a risk factor for hepatocellular carcinoma (HCC). Afiatoxins occur in 
peanut butter and are metabolized by genetically polymorphic enzymes such as glutathione-S-
tranferases, encoded by GSTM1 and GSTT1, and microsomal epoxide hydrolase encoded by 
EPHX. The rate at which aflatoxins become activated or detoxified may depend on 
polymorphisms in the encoding genes. GSTM1 homozygous was indeed found to modify the 
association between peanut butter consumption and HCC. In this paper, we investigate possible 
roles of GSTT1 and EPHX polymorphisms in this relationship. 
In this study, we analysed data of incident 112 cases and 194 controls. All participants were 
interviewed using a standardized questionnaire inquiring about social and demographic factors, 
peanut butter consumption, and other known HCC risk factors. 
Univariate analysis showed that GSTT1 polymorphism was not associated with HCC, whereas 
EPHX 113HH&139HH genotype increased risk of HCC (OR 3.10, 95% CI 1.18-8.12). 
Adjustment for age and region of origin slightly attenuated this association (OR 2.56, 95 CI 
0.83-7.95). Interestingly, unlike GSTM1, both GSTT1 and EPHX polymorphism did not 
modify the association between peanut butter consumption and HCC. 
In conclusion, these epidemiological findings do not suggest important roles of GSTT1 and 
EPHX in anatoxin metabolism, although EPHX polymorphism is possibly related to increased 
risk of HCC. Further studies are needed to investigate mechanisms by which the EPHX 
polymorphism potentially modifies cancer risk. 
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Introduction 
Hepatocellular carcinoma (HCC) is one of the major cancer types in developing countries, 
where most important risk factors are chronic hepatitis virus infection and exposure to 
aflatoxins1. Aflatoxins are produced by Aspergillus fungi which mainly occur in poorly stored 
maize and peanuts. In Sudan, aflatoxin exposure most likely occurs via consumption of peanut 
butter which is a popular food2. As we reported previously3, peanut butter consumption is 
indeed related to increased risk of HCC in Sudan. Genetic differences in aflatoxin metabolism 
may explain the observed differences between prevalence rates of HCC4 in populations with 
similar aflatoxin exposures and hepatitis infection rates. 
The most potent mutagenic and carcinogenic of the aflatoxins is AFBi. Figure 1 depicts the 
metabolism of AFBi, which is mainly metabolized by cytochrome P450 3A4 into the 
genotoxic metabolite AFBi-8,9-exo-epoxide. This metabolite can bind to DNA causing G to T 
transversions5 that may ultimately lead to cancer. Detoxification prevents formation of DNA 
adducts; the metabolite may be conjugated to glutathione by glutathione-S-transferases or may 
be hydrolyzed. Hydrolysis occurs spontaneously or is catalyzed by microsomal epoxide 
hydrolase (mEH)6'7. 
Two genetically polymorphic glutathione-S-transferases play a role in AFBi detoxification: 
GST-u, encoded by the GSTM1 gene, and GST-0, encoded by GSTT1. Homozygous deletion 
of part of these genes (null genotype) results in enzyme deficiency and might therefore lead to 
hampered detoxification. Several studies, among which our own Sudanese case-control study, 
showed that of populations exposed to aflatoxins only subjects carrying the GSTM1 null 
genotype are at increased risk of HCC3'8'9. After GST-|a, GST-9 showed highest efficiency for 
conjugation of glutathione to AFBi-8,9-exo-epoxide10"12 (Figure 1). Homozygous deletion of 
the GSTT1 gene was recorded in 24 to 38% of people from African origin13. One study showed 
a positive association between GSTT1 null genotype and aflatoxin-albumin adduct level 
among chronic HBV antigen carriers8, but this was not confirmed by another study9. 
Microsomal epoxide hydrolase might play a role in AFBr8,9-exo-epoxide hydrolysis14. The 
encoding EPHX gene has two polymorphic sites occurring with allele frequencies of about 
30%'516. In exon 3, the 113Y allele encodes tyrosine incorporation at position 113 of the 
resulting protein whereas 113H codes for histidine. The allelic variants in exon 4, 139H and 
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139R, result in proteins with histidine and arginine at position 139, respectively15. Both the 
113H and the 139H allele are related to relatively decreased enzyme expression or 
stability15'1718 and may therefore be associated with increased risk of HCC. Indeed, EPHX 
113HH genotype increased risk of HCC in a small case-control study19, but was not associated 
to aflatoxin-albumin adduct levels in another study . 
GSTT1 and EPHX polymorphisms may especially be important among subjects carrying the 
GSTM1 null genotype. Few studies addressed the role of GSTT1 and EPHX polymorphism in 
HCC etiology and only one9 simultaneously studied GSTM1 polymorphism. Moreover, there is 
some discrepancy between biochemical and epidemiological studies concerning possible roles 
for GST-u, GST-9, and mEH in AFBi detoxification and ultimately in aflatoxin-related HCC 
etiology. Therefore, we evaluate the possible roles of GSTT1 and EPHX polymorphism and 
their interaction with aflatoxin exposure (as estimated by peanut butter consumption) in HCC 
in a Sudanese case-control study, in all subjects and in the subgroup of GSTM1 null genotype 
carriers. 
Methods 
Population 
A case-control study investigating risk factors for HCC was conducted in Sudan between 
September 1996 and September 1998. The design and conduct of this study were described in 
detail by Omer et al?. In short, subjects residing in West and Central Sudan were eligible. 
HCC cases were diagnosed clinically by liver function test and ultrasound in five of the six 
hospitals in the capital Khartoum situated between West and Central Sudan. Additional 
diagnosis by liver biopsy and histological examination was available for 95% of cases. About 
5% of HCC patients died before they could be contacted to participate in the study. All 150 
contacted HCC patients provided oral informed consent. Community-based controls were 
selected randomly in a 1:3 woman-to-men ratio, since HCC is more prevalent among men, and 
in proportion to the respective population sizes of the two regions. Recruitment was done 
through sugar shops which hold a complete registration of inhabitants of their serving area. In 
four randomly chosen localities in West Sudan and six localities in Central Sudan, one out of 
the 10 to 15 sugar shops was selected randomly, and 20 households were selected from the 
sugar shop's registration list. In each household one control was recruited. All 205 invited 
subjects agreed to participate. 
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Data collection 
Based on the experience obtained during the explorative study20, a questionnaire was designed 
to assess peanut butter intake in a standardized manner. This questionnaire was administered 
orally by one of the authors (R.E.O.). All participants were interviewed personally, although 
some cases needed help of an accompanying family member because of serious illness. Cases 
were interviewed in the hospital and controls were interviewed at home. Frequency of peanut 
butter consumption was assessed on a daily or weekly basis and was inquired both 'in season' 
and 'off season', the former corresponding to the period of the year with active agricultural 
practices, usually June - September. To assess quantity of consumption we asked whether 
peanut butter is eaten as a part of the meal or as a full meal and we inquired the amount of 
peanut butter eaten per meal and the number of persons such a meal is shared with. 
Monthly frequency of peanut butter consumption was calculated as a weighted average of the 
frequencies of peanut butter consumption 'in season' and 'offseason'. The quantity of peanut 
butter consumed per month was subsequently calculated by multiplication of the average 
frequency of peanut butter consumption by the amount of peanut butter consumed per meal per 
person. The questionnaire also identified other HCC risk factors, such as hepatitis infection, 
smoking, and alcohol consumption. 
For determination of genotypes and chronic hepatitis infection, blood samples were collected 
in 10-ml Venoject tubes. Blood samples of cases were drawn at the hospital, centrifuged 
immediately and subsequently stored at minus 20°C. Controls were sampled at home and blood 
samples were first transferred in coolers at 4°C to regional hospital laboratories where they 
were centrifuged and then transferred to Khartoum National Health Laboratory. Here, all 
samples were kept at minus 20°C until transport to Wageningen, the Netherlands, for further 
analysis. 
Laboratory analysis 
Blood samples of 115 cases (77% of cases) and 199 controls (97% of controls) were available 
for genotyping. DNA was isolated from 200 ul whole blood using the QIAamp blood kit 
(Qiagen Inc., USA), stored at 4°C, and directly used as a template in PCR analyses. A 
multiplex PCR was done to determine presence or absence of the GSTM1 and GSTT1 genes 
simultaneously according to Arand and co-workers21. As a positive PCR control, however, we 
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used primers derived from B-globin22 instead of histidine. Primers derived from GSTM1, 
GSTT1, and B-globin were 5'-GAA CTC CCT GAA AAG CTA AAG C-3' and 5'-GTT GGG 
CTC AAA TAT ACG GTG G-3\ 5'-TTC CTT ACT GGT CCT CAC ATC TC-3' and 5'-TCA 
CCG GAT CAT GGC CAG CA-3', and 5'-CAA CTT CAT CCA CGT TCA CC-3' and 
5'-GAA GAG CCA AGG AC A GGT AC-3', respectively. After DNA electrophoresis on an 
ethidium bromide stained agarose gel, the amplified products were visualized under UV light. 
The GSTM1 fragment was 215 bp, the GSTT1 fragment was 480 bp, and the B-globin 
fragment was 350 bp in size. 
Genetic polymorphism in EPHX exon 3 (113Y and 113H alleles) and exon 4 (139H and 139R 
alleles) were determined by RFLP analysis after amplification of the exons. For amplification 
of exon 3 we used primers described by Smith and Harrison23 (5'-GAT CGA TAA GTT CCG 
TTT CAC C-3' and 5'-ATC TTA GTC TTG AAG TGA GGA T-3'). A mismatch in the 
reverse primer incorporated an EcoRV restriction site in the amplicon of the 113Y allele 
resulting in digestion products of 23 and 140 bp. The 113H allele remained undigested. 
Amplification of exon 4 was done using primers described by Hassett et a/.15 (5'-GGG GTA 
CCA GAG CCT GAC CGT-3' and 5'-AAC ACC GGG CCC ACC CTT GGC-3'), followed by 
restriction analysis with Rsal. The 139H allele was digested into two fragments (295 and 62 
bp) and the 139R allele was digested into fragments of 174, 121 and 62 bp in size. The 
amplified products were visualized under UV light after DNA electrophoresis on an ethidium 
bromide stained agarose gel. 
Determination of chronic hepatitis B and C virus infection was done using Hepanostika HBsAg 
and ORTHO HCV 3.0 ELISA test systems with enhanced SAVe test kits, according to the 
instructions of the manufacturer. 
Data analysis 
Analyses were restricted to subjects who completed the questionnaire and of whom genotyping 
results were available for at least one polymorphism, i.e. 112 cases and 194 controls. The 
GSTM1 and GSTT1 null genotypes were a priori considered as the high-risk genotypes. For 
EPHX, we first conducted the analyses separately for both polymorphic sites. Thus, when 
analyzing the exon 3 polymorphism, we did not consider the exon 4 polymorphism and vice 
versa. Based on the available literature on the association between EPHX genotype and 
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phenotype, we considered 113HH and 139HH genotypes and the combination of these to be 
the EPHX high-risk genotypes24. Based on the median peanut butter consumption in controls, 
we classified all subjects as low or high peanut butter consumers. Analyses were done using 
the SAS statistical software package (release 6.12). After univariate analyses we adjusted for 
age (in tertiles, according to age distribution in the control group). Multiple variables (e.g., 
education level, job type, region of origin and hepatitis infection) were considered to be 
included in the model if numbers in the various cells were sufficiently large (i.e. more than 5 
after one-way stratification). Variables remained in the model if their inclusion caused a 
change of 10% or more in the p-estimates. Although adjustment for age did not change the p-
estimates this variable was forced into the model since cases were significantly older than 
controls and age is known to be related both to several HCC risk factors as to the disease itself. 
Results 
Table 1 shows the characteristics of the study population. Cases were older than controls, less 
educated, and more often resided in West Sudan. They also consumed significantly more 
peanut butter, both in amount as in frequency per month. Besides, more cases were chronic 
carriers of the hepatitis B or C virus. Frequencies of the GSTM1 and GSTT1 null genotypes 
were similar for cases and controls. There were no statistically significant differences in 
frequency of EPHX variants in exons 3 and 4. However, cases more often had the EPHX 
113HH genotype in combination with the EPHX 139HH genotype than controls (Table 1). 
Allelic variants of the studied polymorphic genes occurred at similar frequencies among 
controls from West and Central Sudan. Maximal differences were observed for EPHX exon 3: 
113HH and 113YH genotypes occurred in 10% and 30% of West Sudanese controls and in 6% 
and 23% of Central Sudanese controls, respectively. Adjustment for age did not change these 
results importantly. 
In Table 2, ORs of HCC are shown for genetic polymorphism of GSTM1, GSTT1 and EPHX. 
Univariate ORs indicate that only the combination of the EPHX 113HH and 139HH increased 
risk of HCC. Adjustment for age and region in a multivariate model did not change the results 
on GST polymorphisms, although the association between the EPHX 113HH&139HH 
genotype and HCC lost statistical significance. Even though inclusion of a variable for 
hepatitis infection changed ORs importantly (by increasing ORs and 95%CIs for the GSTM1 
null and EPHX 139HH and 139HR genotypes to statistically significant values), it was not 
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included in the multivariate model because this substantially inflated the standard errors of the 
P-estimates. This was probably due to limited data: only 16 controls showed evidence of 
hepatitis infection, of whom one presented the EPHX 113HH&139HH genotype and 5 carried 
the GSTM1 null genotype. 
Table 1. General characteristics of the study population 
Cases (n= 112) Controls (n= 194) 
Demographic variables 
Mean age (SD) 
Gender, % males (se)a 
Region, % from West Sudan (se) 
Education, % illiterate (se) 
Peanut butter consumption, mean (SD) 
Average consumption (kg/month) 
Average frequency (times/month) 
Other risk factors, frequency (se) 
Hepatitis B or C infectionsb 
Positive history of alcohol consumption 
Positive history of smoking 
Genotype, frequency (se) 
GSTMlnullb 
GSTTlnullb 
EPHX exon 3 b 
113YY 
113YH 
113HH 
EPHX exon 4 b 
139HH 
139HR 
139RR 
57.0(12.2) 
76.8 (4.0) 
63.4 (4.6) 
69.6 (4.3) 
0.68(1.1) 
11.3(11.8) 
52.3 (4.7) 
39.3 (4.6) 
40.2 (4.6) 
42.7 (4.7) 
35.8 (4.6) 
61.8(4.6) 
25.5 (4.2) 
12.7 (3.2) 
57.3 (4.7) 
40.0 (4.7) 
2.7(1.5) 
44.9 (10.9)c 
75.3 (3.1) 
41.2(3.5)° 
34.5 (3.4)c 
0.29 (0.6)c 
7.9(9.1) " 
8.3 (2.0)c 
30.9 (3.3) 
39.2 (3.5) 
38.8 (3.6) 
37.8 (3.5) 
66.3 (3.4) 
25.9 (3.2) 
7.8(1.9) 
55.4 (3.7) 
37.5 (3.6) 
7.1 (1.9) 
EPHX exon 3 & 4 combined, 113HH&139HH 10.9 (3.0) 3.8(1.4)' 
* standard errors were calculated as follows: se=V(p(l-p)/n)*100 
b
 information on hepatitis infections was available of 109 cases and 193 controls, information on GSTM1 
and GSTT1 genetic polymorphism of 109 cases and 188 controls, on EPHX exon 3 of 110 cases and 193 
controls, and on EPHX exon 4 of 110 cases and 184 controls. 
c
 significantly different from cases (P < 0.05) 
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Table 2. Genotypes of GSTM1, GSTT1, and EPHX and risk of HCC 
GSTMl 
Present 
Null 
GSTT1 
Present 
Null 
EPHX exon 3 
113YY 
113YH 
113HH 
EPHX exon 4 
139RR 
139HR 
139HH 
EPHX exon 3 & 4 combined 
All other combinations 
113HH&139HH 
Univariate 
1.00 (Referent) 
1.18(0.73-1.90) 
1.00 (Referent) 
0.92(0.56-1.50) 
1.00 (Referent) 
1.05(0.61-1.82) 
1.76(0.80-3.85) 
1.00 (Referent) 
2.75 (0.75-10.25) 
2.68 (0.73-9.76) 
1.00 (Referent) 
3.10(1.18-8.12) 
ORs (95% CI) 
Adjusted for age 
1.00 (Referent) 
1.26(0.73-2.16) 
1.00 (Referent) 
0.94(0.54-1.64) 
1.00 (Referent) 
0.94(0.51-1.73) 
1.68(0.69-4.09) 
1.00 (Referent) 
3.67(0.89-15.06) 
3.19(0.80-12.79) 
1.00 (Referent) 
2.97 (0.99-8.85) 
Multivariate" 
1.00 (Referent) 
1.26(0.73-2.19) 
1.00 (Referent) 
0.94(0.54-1.65) 
1.00 (Referent) 
0.93(0.50-1.71) 
1.51 (0.61-3.75) 
1.00 (Referent) 
3.63(0.88-15.02) 
3.22(0.80-13.01) 
1.00 (Referent) 
2.56 (0.83-7.95) 
" multivariate model adjusted for age (tertiles) and region of origin. 
To investigate if genetic polymorphism of GSTT1 or EPHX modified the association between 
peanut butter consumption and HCC, we stratified for peanut butter consumption. Results are 
shown in Table 3. We previously showed that peanut butter consumption was a risk factor for 
HCC especially in GSTMl null genotype carriers3. Interestingly, we observed no effect 
modification by GSTT1 or EPHX genotype (ORs for the interaction terms were 1.3 and 1.0, 
respectively). These results did not change importantly after adjustment for age and region. 
In GSTMl null genotype carriers, presence of the GSTT1 null genotype or the EPHX 
113HH&139HH genotype did not increase risk of HCC; ORs and 95%CIs were 0.7, 0.3-1.9 
and 2.0, 0.4-11.2, respectively. Strikingly, only those with GSTMl non-null genotypes in 
combination with the EPHX 113HH&139HH genotype were at increased risk of HCC (OR 5.7, 
95% CI 1.2-28.2). Similarly, subjects with GSTT1 non-null genotypes and the EPHX 
113HH&139HH genotype had increased risk of HCC (OR 22.2, 95% CI 2.4-205.8). Since 
there were no cases and only three controls carrying a combination of all three high-risk 
genotypes, i.e., GSTMl null, GSTT1 null, and EPHX 113HH&139HH, we could not evaluate 
if presence of this combination specifically increased risk of HCC. 
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Table 3. Genotypes of GSTM1, GSTT1 and EPHX as risk factors for HCC, stratified 
for peanut butter consumption" 
Genotype Peanut butter consumption 
low high 
Peanut butter consumption0 
low high 
1.00 (Referent) 2.62 (1.50-4.57) 1.00 (Referent) 2.50 (1.43-4.38) All genotypes 
GSTM1 
Present 
Null 
GSTT1 
Present 
Null 
EPHX exon 3 
113YY 
113YH 
113HH 
EPHX exon 4 
139RR 
139HR 
139HH 
1.00 (Referent) 
0.55 (0.21-1.47) 
1.00 (Referent) 
1.25(0.51-3.11) 
1.57 (0.77-3.17) 
2.75 (1.30-5.78) 
2.71 (1.30-5.63) 
2.28 (0.99-5.23) 
1.00 (Referent) 2.47 (1.24-4.94) 
0.74 (0.25-2.23) 2.34 (1.02-5.38) 
1.47 (0.35-6.20) 4.54 (1.33-15.49) 
1.00 (Referent) 1.90 (0.12-31.48) 
2.48 (0.24-25.30) 7.85 (0.83-74.67) 
2.88 (0.30-27.44) 6.54 (0.69-61.37) 
1.00 (Referent) 
0.55 (0.21-1.47) 
1.00 (Referent) 
1.26 (0.51-3.11) 
1.00 (Referent) 
0.66 (0.22-2.01) 
1.35 (0.31-5.78) 
1.43 (0.70-2.93) 
2.60 (1.22-5.54) 
2.71 (1.30-5.63) 
2.28 (0.99-5.23) 
2.26 (1.12-4.56) 
2.28 (0.99-5.25) 
3.75 (1.07-13.12) 
EPHX exons 3 & 4 combined 
All other combinations 1.00 (Referent) 2.57 (1.43-4.62) 
113HH&139HH 3.02(0.51-18.01) 7.68(1.65-35.69) 
1.00 (Referent) 1.70 (0.10-28.24) 
2.37 (0.23-24.07) 7.18 (0.76-67.98) 
2.82 (0.30-26.80) 6.02 (0.64-56.22) 
1.00 (Referent) 2.43 (1.34-4.39) 
2.60 (0.41-16.69) 6.31 (1.32-30.05) 
a
 low consumption defined as consumption of <135 g of peanut butter per month, high consumption defined as 
consumption of > 135 g of peanut butter per month, based on the median consumption among controls, 
adjusted for age (tertiles). 
adjusted for age (tertiles) and region of origin. 
Discussion 
GSTTl null genotype alone or in combination with peanut butter consumption was not a risk 
factor for HCC in this Sudanese case-control study. EPHX polymorphism might play a modest 
role in HCC. However, no interaction with peanut butter consumption was observed, indicating 
that the mEH enzyme may not be important in aflatoxin detoxification. 
As in all case-control studies, several types of bias might have occurred in this study. Selection 
bias probably did not occur, since almost all suspected HCC cases are referred to one of the 
participating hospitals. Therefore, we estimate that only few cases from the two selected 
regions were missed. Only cases being able to travel to Khartoum were included in this study 
and of these, we analyzed results of those providing blood and for whom genotyping results 
were available. These might be the relatively mildly diseased ones, since few cases might have 
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died before reaching the hospital and blood sampling failed for severely ill cases. It is unlikely 
that this introduced selection bias, since HCC is fatal in almost all cases and survival time is 
very short1. Moreover, we do not expect GST and EPHX genotypes to influence HCC survival. 
We think the control population correctly reflects the Sudanese population in the two regions 
with respect to habitual peanut butter consumption and exposure to other HCC risk factors, 
since both regions are inhabited by homogeneous populations with culturally determined, 
relatively constant food habits. Also, the frequency of the GSTM1 null genotype in our control 
group was in between frequencies reported for Europeans and sub-Saharan Africans13'16'25 and 
the frequency of the GSTT1 null genotype was equal to prevalences found in other African 
studies9'13. EPHX genotype distributions varied between West and Central Sudan, although not 
with statistical significance. EPHX polymorphism is known to vary greatly across populations9 
and a high genetic variation in EPHX genotype frequencies between populations living at close 
distance from each other was also found by Masimirembwa and colleagues16, who determined 
EPHX genotype in Venda and Zimbabwean blood donors. 
Controls were frequency matched to cases for sex. No age matching was done, since 
information on age was not available from sugar shop registries. Because cases were older than 
controls we adjusted for age in all analyses, although this did not change the results 
importantly. Controls were enrolled from the same two regions as the cases, proportional to the 
population size of each region. These regions were chosen to investigate if differences in HCC 
prevalence may be explained by differences in aflatoxin exposure. Since Central Sudan has 
more inhabitants than West Sudan whereas HCC is more prevalent in West Sudan, controls 
were more likely to be from Central Sudan and cases were more likely to be West-Sudanese. 
Apart from HCC prevalence and peanut butter consumption, other life style factors (but not 
hepatitis prevalence) and genetic composition differed between the regions, since the West 
Sudanese population is African whereas Central Sudan is mainly Arabic. Thus, region of origin 
was an important factor in our analyses, both as a co-factor and as a potential effect modifier. 
Effect modification was not observed, but region indeed contributed to the model as a co-
factor: adding this variable to the model weakened the associations between EPHX genotypes 
and HCC. This could be the result of reduction of the difference in EPHX genotype frequencies 
between the two regions. 
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Information bias is not a major consideration in this study, since the population has no 
knowledge on aflatoxin contamination and its potential hazards. Moreover, we used a 
standardized questionnaire and all interviews were conducted by the same person. 
Like GSTM1, the GSTT1 null genotype itself was not associated with HCC in this study. In 
contrast to GSTM1, GSTT1 did not modify the relation between peanut butter consumption 
and HCC. This may suggest that GSTT1 polymorphism is not important in aflatoxin 
metabolism or in HCC etiology. Possibly, conjugation of glutathione to AFBi-8,9-exo-epoxide 
is efficiently catalyzed by GST-u and in case of GST-jx deficiency GST-0 does not take over 
the function of GST-|x, but the metabolite is detoxified via hydrolysis instead. Our results 
correspond with those of a study in Gambia including 328 healthy subjects, showing that 
GSTT1 polymorphism was not related to aflatoxin-albumin adduct levels9. Chen and 
colleagues, however, reported that HBV positive, GSTT1 null genotype carriers, had increased 
albumin adduct levels and were at increased risk of HCC in a small study on 32 cases and 73 
controls8. 
We found that the combination of EPHX 113HH and 139HH genotypes increased risk of HCC. 
In a study in China including 52 cases and 116 controls, McGlynn and colleagues found that 
carriers of the 113HH genotype were at increased risk of HCC19. Wild and colleagues, 
however, reported that this genotype was not associated with aflatoxin-albumin adducts9. Both 
research groups did not study the EPHX exon 4 polymorphism. We found no indications for 
the EPHX polymorphism to modify the relationship between peanut butter consumption and 
HCC. Biochemical studies showed that mEH-catalyzed hydrolysis is probably not a rate-
limiting step in aflatoxin detoxification, since hydrolysis of the AFBi-8,9-exo-epoxide can 
occur spontaneously at a rate comparable to that of mEH-catalyzed hydrolysis14. The role of 
mEH in detoxification of polycyclic aromatic hydrocarbons might be more important26. This 
could explain the increased risk of liver19, ovarian27, and colon cancer28 associated with several 
allelic variants of EPHX. However, in vitro studies did not reveal a clear genotype-phenotype 
correlation for the polymorphic sites of EPHX15'18'29'30; the studied polymorphic sites might be 
linked to other genetically polymorphic sites, e.g., in non-coding regions, modifying regulation 
of gene transcription31. 
Wild and coworkers found that presence of GSTM1 and GSTT1 null genotypes in combination 
with the EPHX 113HH genotype was related to elevated aflatoxin-albumin adduct levels, 
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although not statistically significant9. We could not evaluate the effect of such a combination, 
since none of the cases and only three controls in our study had this combination of genotypes. 
However, the combinations of GSTM1 or GSTT1 non-null genotypes with the EPHX 
113HH&139HH genotype increased risk of HCC, which is not in line with the proposed 
metabolism (see Figure 1). These unexpected findings might be due to chance because of low 
cell counts, but they might also indicate that mEH is involved in other metabolic pathways 
rather than AFBj detoxification. 
We have estimated that about 50% of HCC cases in Sudan might be attributed to hepatitis B 
virus infection. Hepatitis infection has been reported to modify the relation between genetic 
polymorphism and HCC19'32. However, we could not study such effect modification in our 
study population, since only the number of controls with evidence of hepatitis B or C virus 
infection was too small. 
Although being the largest study on aflatoxin-associated HCC and genetic polymorphism to 
date, the population was still small to study relatively weak gene-environment interactions. 
Especially our results on EPHX should be interpreted with care, because several variants 
occurred at low frequency and after stratification some cells had less than five observations. 
In conclusion, our results do not indicate that GSTT1 plays a role in HCC. EPHX 
polymorphism might be related to HCC, although the encoded enzyme may not be important in 
AFBi detoxification in which GST-u plays a major role. This seems to be in line with in vitro 
studies11. Since EPHX polymorphism appears to be associated with cancer risk, the specific 
effect of this polymorphism on gene expression and enzyme function, and the role of the mEH 
enzyme in various metabolic pathways need to be addressed in future studies. 
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Abstract 
Background: In Sudan, the incidence of hepatocellular carcinoma (HCC) is high and 
increasing. Hepatitis B virus (HBV) and hepatitis C virus (HCV) are important risk factors of 
HCC. This study aims to assess the role of HBV and HCV viral infections in the incidence of 
HCC in two regions of Sudan. 
Methods. A case-control study was conducted among 150 HCC patients and 205 controls from 
two regions in Sudan. Their demographic characteristics as well as food habits and chronic 
conditions have been investigated. In this study, 115 cases and 199 controls were tested for 
HBsAg and HCV antibodies. 
Results. Strong positive associations were found between HBV, HCV, and HCC with odds 
ratios (OR) 9.8 (95% CI 5.1-18.9) and 8.3 (95% CI 2.3-29.9) respectively. After adjustment for 
age, by logistic regression, the ORs for HBV and HCV were 16.1 (95% CI 7.4-34.9) and 4.5 
(95% CI 1.1-18.6) respectively. Further adjustment for region, education level and job type did 
not appreciably affect the results. 
Conclusion. Given prevalence of HBV and HCV of 7.0% and 1.5% among controls, about 
57% of all HCC cases can be attributed to these viral infections. Hepatitis infections seem to be 
important risk factors for HCC in Sudan. 
Key words: Hepatitis B virus, hepatitis C virus, HCC, Sudan. 
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Introduction 
Hepatocellular carcinoma (HCC) is the sixth most frequent tumor in the world. Although it is 
relatively rare in Western Europe, North America and Australia, it is considered to be one of 
the most common malignancies in sub-Saharan Africa, South East Asia and China1. In spite of 
the fact that the tumor was under diagnosed because of lack of autopsies and biopsies, HCC 
has shown an increasing incidence in the past two decades, in The Sudan2. Daoud et a/.3, 
reported 35 cases of HCC (2.7% of all malignancies) seen in Khartoum hospitals in the year 
1968; more recently, medical workers at Khartoum hospitals have reported much higher 
numbers, especially from West Sudan4. 
It is well-established world wide that HCC is strongly associated with chronic infection with 
hepatitis B virus5. HBV infections have also been reported in Sudanese patients with HCC6. In 
some Asian countries, such as Taiwan, Hong Kong, main land China, and countries within sub-
Saharan Africa, HBV prevalence is high and considered to be a major cause of HCC, either 
acting on its own or in combination with aflatoxins7"11. 
The association between non-A non-B transfusion hepatitis and HCC was investigated soon 
after the hepatitis C virus (HCV) genome had been cloned and specific assays for circulating 
anti-HCV were developed12. Several case-control studies suggest that HCV may have a role in 
the etiology of HCC, in most of these a significant association between anti-HCV positive 
cases and HCC was found13"20. In Japan the rising incidence of HCC has been linked to the 
increasing prevalence of HCV infection, even in regions with moderate HBV21. The 
importance of HCV as an etiologic factor of chronic liver diseases including HCC was also 
observed in Egypt22. On the other hand, in Senegal, where HBV remains the main viral cause 
of HCC, the epidemiological association between HCV and HCC was not proven23. 
In order to assess the potential contribution of HBV and HCV viral infections to the incidence 
of HCC in Sudan, we compared hepatitis B surface antigen (HBsAg) and anti-HCV for HCC 
cases and controls collected from two areas in Sudan. 
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Methods 
A case-control study was conducted during a period of two years (Sept. 1996-Sept. 1998), in 
West and Central Sudan representing regions of higher and lower incidence of liver cancer 
respectively. West Sudan (North Kordofan State) is an area of 230,000 km2, and a population 
size of 1,500,000. Central Sudan (Gazira State) is an area of 152,000 km2, and a population 
size of 2,500,000. All cases and controls were recruited from these regions; subjects consent 
was obtained after they had been informed. 
Case recruitment 
A total of 150 HCC cases between 21-70 years were recruited from the two study regions, in a 
period of two successive years; from 115 of these blood samples were obtained and tested for 
HBsAg and HCV antibodies. Cases were recruited from 5 out of 6 Khartoum (capital) hospitals 
(Tropical Medicine Hospital, Oumdurman Hospital, Khartoum Hospital, Soba Hospital and Ibn 
Sena Hospital). In these hospitals liver cancers are diagnosed, following referral from the 
regional hospitals. The admission lists from the departments of Internal Medicine in the above 
mentioned hospitals were weekly screened to identify new admitted cases and the responsible 
doctor and patients were contacted. For all 115 cases, the diagnosis of HCC was verified 
clinically, by liver function tests and by histopathological examination of a liver biopsy. 
Control recruitment 
Controls were community-based subjects, recruited from the same catchment areas as the 
cases; the number of controls was chosen proportional to the population size of the two areas. 
Therefore, four localities were chosen from West Sudan and six localities in Central Sudan. 
From each locality one sugar shop was chosen randomly; these sugar shops hold a complete 
registry of all inhabitants in the locality and registration by the shops is required for obtaining 
subsidized sugars, a product that is highly appreciated in regions of Sudan. Twenty households 
were taken randomly from the shop list. Since liver cancer is more prevalent among men, the 
households selection was made in a ratio 1:3 women to men. A total of 199 controls were 
enrolled (80 from West and 119 from Central) aged 25-70 years. All chosen subjects agreed to 
cooperate in the study. 
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Blood samples 
Blood samples from cases were centrifuged immediately at about 1200g for 10 min, and the 
sera were then kept at -20°C for HBV and HCV testing. Blood samples from controls were 
kept immediately after venapuncture in isolated foam boxes containing cooling materials at 
4°C, to be transported from the locality to the regional hospital laboratory where it was 
separated using the same technique as mentioned above. The separated blood sera were then 
kept at -20°C until they were transferred in isolated foam boxes at less than 0°C to Khartoum 
National Health Laboratory where they were kept at -20°C. 
Hepatitis analysis 
The samples were analysed at the National Health Laboratory - Virology Department. Hepatitis 
B virus surface antigen (HBsAg) was determined by Hepanostika HBsAg. In short, 100 uL of 
(undiluted) sample and control were pipetted into assigned wells. Each well was then soaked 
and washed four times with phosphate buffer after it had been incubated at 37 ± 2 °C for one 
hour. 100 uL of TMB substrate was then pipetted into each well. The strips were then 
incubated at 18 - 25 °C for 30 min. 100 uL of sulfuric acid (lmol/L) was added to each well to 
stop the reaction. The absorbency of the solution in each well was read at 450 ± 5 nm. 25% of 
the positive samples (selected randomly) were also positive when confirmed by the 
Hepanostica HBsAg Uni-form microelisa system. 
Detection of hepatitis C virus (HCV) was done by ORTHO HCV 3.0 ELISA Test System with 
Enhanced SAVe. For this assay a diluted test specimen was incubated in a test well at 37 °C for 
30 min. Then it was washed five times to remove unbound serum proteins. 200 uL of murine 
monoclonal antibody conjugated to horseradish peroxidase was added to the micro well and 
incubated for 30 min. at 37°C. This was followed by subsequent washing for five times to 
remove the unbound conjugate. The specimen was then incubated for 15 min. after the addition 
of an enzyme detection system composed of o-phenylene-diamine (OPD) and hydrogen 
peroxide. 50 uL of 4N sulfuric acid was then added to stop the reaction. The colour intensity 
was measured with a micro-well reader (photometer) using 492 nm filter. Positive samples 
were then confirmed by CHIRON* RIBA* HCV 3.0 SIA. 
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Background data 
The orally administered questionnaire was designed to identify the potential confounders and 
other risk factors of HCC. The data for cases and controls were collected by the same 
investigator (RO) and entered in the database. 
Data analysis 
Prevalence of hepatitis B and C were compared between cases and controls, followed by 
calculation of crude odds ratio's, X2 testing and determination of confidence intervals. 
Subsequently, analyses were stratified by the potential confounders age, region, gender, 
education and job type. Finally, logistic regression analysis was used SAS 6.12 (SAS Institute 
Inc., Cary, NC, USA) to establish the association between hepatitis B or C and HCC 
accounting for potential confounders such as age, region, education and job type. Variables 
were considered as potential confounders, when their inclusion in the model altered the OR for 
HBV or HCV by 10% or more. 
Results 
Table 1 shows the main characteristics of HCC cases and controls from the two study regions 
West and Central Sudan. The prevalence of hepatitis B and C infections are higher among 
cases than controls; the prevalence of either hepatitis B or C is also higher (cases 53%, controls 
8%). Cases are older than controls, more often of the western residence, less educated and 
more frequently farmers and laborers. No difference was observed between cases and controls 
for a history of alcohol consumption. 
To identify potential confounders, Table 2 shows the association between hepatitis and age, 
region, gender, education and job type. Hepatitis B virus prevalence is higher among people 
less than 40 years old, and among the western population, less educated people, and farmers 
and laborers. Alcohol history was not related to HBV. The prevalence of HCV among controls 
was much lower than prevalence of HBV. Although the few data do not permit conclusions 
there is no reason to suspect that the prevalence of HCV over strata of potential confounders is 
different than the distribution of HBV. 
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Table 1. Main characteristics of cases and controls. 
Potential risk factor 
Hepatitis infections 
Hepatitis B 
Yes 
No 
Hepatitis C 
Yes 
No 
Hepatitis B or C 
Yes 
No 
Design related variables 
Age 
<40 
40-59 
60+ 
Region 
West 
Central 
Gender 
Male 
Female 
Potential confouders 
Education 
Illiteracy 
Literacy 
Job type 
Farmer + Labour 
Others 
Alcohol history 
Yes 
No 
Cases 
(n=115) 
No. (%) 
49 
66 
13 
102 
61 
54 
11 
38 
66 
74 
41 
88 
27 
80 
35 
66 
49 
45 
70 
(43) 
(57) 
(11) 
(89) 
(53) 
(47) 
(10) 
(33) 
(57) 
(64) 
(36) 
(77) 
(23) 
(70) 
(30) 
(57) 
(43) 
(39) 
(61) 
Controls 
(n=199) 
No. (%) 
14 (7) 
185 (93) 
3 (2) 
196 (98) 
16 (8) 
183 (92) 
80 (40) 
96 (48) 
23 (12) 
80 (40) 
119 (60) 
150 (75) 
49 (25) 
68 (34) 
131 (66) 
70 (35) 
129 (65) 
61 (31) 
138 (69) 
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Table 2. Potential risk factors for liver cancer and HBV, HCV infection. 
Potential risk factor 
Overall 
Age 
<40 
40-59 
60+ 
Region 
West 
Central 
Gender 
Male 
Female 
Education 
Illiteracy 
Literacy 
Job type 
Farmer + Laborer 
Others 
Alcohol history 
Yes 
No 
HBV (n= 
Positive 
14/199 
7 
7 
0 
7 
7 
10 
4 
8 
6 
9 
5 
5 
9 
=199) 
(%) 
(7) 
(9) 
(7) 
(0) 
(9) 
(6) 
(7) 
(8) 
(12) 
(5) 
(13) 
(4) 
(8) 
(7) 
HCV (n= 
Positive 
3/199 
1 
2 
0 
1 
2 
2 
1 
2 
1 
2 
1 
0 
3 
=199) 
(%) 
(1.5) 
0) 
(2) 
(0) 
(1) 
(2) 
(1) 
(2) 
(3) 
(1) 
(3) 
(1) 
(0) 
(100) 
Strong associations of HBV and HCV with the incidence of HCC are observed (Table 3). Age 
appears a clear negative confounder for HBV; hence the odds ratio rises from 9.8 (crude) to 
16.1 (adjusted), while it acts as a positive confounder for HCV and HCC. Region, education 
and job type are no clear confounders for HBV; region and education appeared to be negative 
confounders for HCV, although confidence intervals are very wide. After adjustment for age, 
the variables region, education and job type were no substantial counfounders anymore. Thus, 
the age adjusted ORs of 16.1 for HBV and 4.5 for HCV provide reasonable estimates of the 
association between hepatitis infections and HCC in this population. 
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Table 3. Crude and adjusted Odds Ratios for hepatitis B and hepatitis C virus infection 
and liver cancer. 
HBV HCV 
OR (95% CI) OR (95% CI) 
Crude OR 9.8(5.1-18.9) 8.3(2.3-29.9) 
Adjusted For 
Age 16.1(7.4-34.9) 4.5(1.1-18.6) 
Region 9.0(4.6-17.6) 10.1(2.7-37.4) 
Education 8.7(4.4-17.4) 13.1(3.4-50.2) 
Job Type 8.5(4.4-16.7) 7.6(2.1-27.8) 
Adjusted For 
Age + Region 15.0(6.9-32.7) 5.5(1.3-23.9) 
Age + Education 14.5(6.7-31.6) 6.0(1.4-24.8) 
Age + Job Type 14.8 (6.8-32.3) 4.5(1.0-19.3) 
Discussion 
In this study we found that HBV and HCV virus infections are strongly associated with HCC 
in Sudan. The data suggested that HBV infection have a stronger association with HCC than 
HCV infection. The prevalence of HBV was also found to be higher (7.0%) than the 
prevalence of HCV (1.5%) among this study population. 
Regarding selection of cases in our study, the use of registration lists of five hospitals in 
Khartoum for case recruitment, enabled all cases from the two regions to be included in the 
study, except for those who might have been deceased before they could be included in the 
study; furthermore few were missed during the two periods of control recruitment accounting 
for a total of four weeks during the two-year study period. 
Moreover, one of the five hospitals is a National Center for Gastrointestinal and Liver diseases, 
so that HCC patients from all over the country are sent to that hospital for further diagnoses 
and better treatment. From five of six hospitals in Khartouml50 cases were obtained during the 
two study years. This number clearly exceeds the number of 42 liver and gall bladder cancer 
cases reported from Khartoum hospitals by (Daoud et al.) during the period 1957-1965. 
Selection of controls was done at random basis, with number of controls from West and 
Central Sudan proportional to the population size, and these regions are the catchment areas 
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that provided cases in the study. From those regions several sugar shops (see: methods part) 
were chosen randomly. As social, cultural and demographic characteristics are homogeneous 
within the two regions, the random chosen sugar shops are thought to yield a representative 
sample of the subjects living in the region at large. 
Age, place of origin, education level and job type were evaluated as possible confounders of 
the association between HBV or HCV and HCC. The potential bias was excluded by Mantel 
Haenszel analysis, followed by logistic regression that accounted for several confounders 
simultaneously. In fact, age appeared to be the only relevant confounder; alcohol drinking and 
gender were not considered as confounders since they were not related to HCC in the data. 
Regarding hepatitis infections, a study conducted in the year 1989 in Sudan showed that 
HBsAg and HBcAb (200X) were detected more often in HCC patients than in controls6. The 
summary odds ratios for HBsAg positivity and anti-HCV/HCV RNA positivity from 32 
published case-control studies included in a meta-analysis by Donato et al.24, were found to be 
13.7 and 11.5 respectively. In areas where HBV infection was low to intermediate endemic and 
HCV infection is predominant among HCC cases, the summary odds ratios for HBsAg and 
anti-HCV/HCV RNA positivity were 8.5 and 16.8 respectively. In the same study, in a total of 
14 studies from sub-Saharan and southern African countries where HBV is endemic, summary 
odds ratios of 16.7 for HBsAg and 6.2 for anti-HCV/HCV RNA were observed. Our results for 
HBsAg and anti-HCV positivity coincide with the findings of Donato et al, for sub-Saharan 
countries with high HBV prevalence. Despite to the ethnical and cultural heterogeneity of the 
different regions of Sudan, this suggests that our results may also apply to a large geographical 
area including most other regions of Sudan. Given the observed prevalence of hepatitis and the 
ORs in this study, HBV might account for 52%, and HCV would account of 5% for HCC in 
Sudan. 
In addition, the study by Donato et al. suggested synergism between the 2 viruses i.e. the 
increase in HCC risk when both HBV and HCV infections were present is higher as compared 
with each infection alone. However, since in our study HBV and HCV infections coincided in 
only one case and one control, we were not able to study this synergism especially because of 
the very low prevalence of HCV (1.5%). The average age of HCC cases in areas where HBV is 
endemic is lower than among cases from areas where HCC is predominantly due to HCV 
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infection (Donato et al). Similarly in our study, the mean age of HCC patients whom are 
positive for HBsAg was 55 ± 10 while it was 65 ± 5 for cases positive for anti-HCV. This 
different age distribution, along with the lower OR for HCV might be related to different ages 
at hepatitis infection or differences in pathogenesis. Thus studies are needed to determine the 
age of infection and mode of transmission of hepatitis viruses in the Sudanese population. 
Apart from the role of HBV and HCV in the etiology of HCC, clues have also been obtained 
from studies in other African and Asian countries with similar demographic, social and cultural 
characteristics. In most of these countries, HBV is believed to act in combination with other 
environmental and dietary exposures such as aflatoxins. In these areas where food and feed 
stuffs are highly contaminated with aflatoxins, the interaction between aflatoxins exposure and 
chronic HBV infection has been suspected to play an important role in the incidence of HCC. 
For instance, it is thought that HBV increases HCC risk by either integrating in the DNA or 
causing proliferation of cells with a mutated p53 gene, which is seen in areas where there is 
excessive exposure to aflatoxin in foods. Therefore, the strong association we observed with 
HBV may partially result from synergism with aflatoxin exposure, which is common in some 
regions in Sudan, including West Sudan25. 
In conclusion, hepatitis infections, especially HBV, are important risk factors for HCC in 
Sudan. They may account for about 57% of HCC, which may partially be due to a combination 
with exposure to environmental carcinogens such as aflatoxins. 
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Abstract 
Objective. This study aims to assess the effect of exposure to aflatoxins (through peanut butter 
intake) and hepatitis B virus (HBV) infection, either alone or in combination in the etiology of 
hepatocellular carcinoma (HCC) in Sudan. 
Method. A case-control study was conducted among 150 patients and 205 controls from Sudan. 
Peanut butter consumption and HBV have been investigated, as well as drinking and smoking 
habits, and demographic characteristics. HBV infection was assessed from blood samples (115 
cases and 199 controls). 
Results. A clear dose-response relation was observed between increasing peanut butter 
consumption and HCC. In virus negative subjects, age-adjusted OR for the highest vs lowest 
quartile of aflatoxin exposure was 5.1, with test for trend being statistically significant; the OR 
for HBV in the lowest category of peanut butter was 32. The joint exposure to aflatoxin intake 
and HBV infection in increasing HCC risk appeared to be more than the sum and less than the 
product of the ORs for each factor alone. Based on these data, about 80% of the HCC cases are 
attributable to peanut butter consumption and HBV infection in Sudan. Depending on 
assumptions in the data analysis, 39-60% of all cases can be attributed to aflatoxin exposure and 
49-52% to HBV infection; of these figures, 7-34% reflects a shared responsibility of the two 
factors. 
Conclusion. Reduction of aflatoxin exposure may be a useful long-term strategy in HCC 
prevention in Sudan, while hepatitis B virus vaccination of children and high risk groups in 
endemic areas might be a feasible short-term strategy. 
Key Words: Peanut butter intake, Hepatitis B virus, Public health, HCC, Sudan. 
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Introduction 
Hepatocellular carcinoma (HCC) is the sixth most frequent tumor in the world. Aflatoxins, 
hepatitis B virus (HBV) and C virus (HCV) infections are major risk factors for this cancer in 
many areas of the developing world. There are currently 300-400 million chronic HBV carriers 
worldwide who continue to be at risk of HCC, and many of these are in parts of the world with 
high exposure to aflatoxin contaminated foods1. 
Epidemiological studies2"6 suggest a multiplicative increase in HCC risk in individuals 
chronically infected with HBV and exposed to dietary aflatoxins. This is supported by 
experimental studies in HBV transgenic mice and woodchucks, which suggest a biological 
interaction between these two risk factors in HCC induction7'8. This was not the case in ducks, 
however, where liver injury associated with chronic HBV infection is less marked than in the 
former two models . 
In public health policy aiming to reduce cancer risk among exposed populations, it is not only 
important to understand the biological background of disease, but also to quantify the relative 
contribution of hepatitis infections and aflatoxin to HCC. 
The aim of the present analysis is to quantify the potential impact of public health measures in 
Sudan, where both HBV infections and dietary intake of aflatoxins are common. The results 
obtained from this study may help to develop a feasible strategy for prevention of HCC optimal 
to Sudan. 
Methods 
Study population 
The design of the case-control study has been described in detail previously10. Briefly, a case-
control was conducted during a period of two years (Sept. 1996- Sept. 1998), in West and 
Central Sudan representing regions of higher and lower incidence of liver cancer respectively. 
West Sudan (North Kordofan State) is an area of 230,000 km2, and a population size of 
1,500,000. Central Sudan (Gazira State) is an area of 152,000 km2, and a population size of 
2,500,000. All cases and controls were recruited from these regions; subjects consent was 
obtained after they had been informed. 
85 
Chapter 6 
Recruitment 
A total of 150 HCC cases and 205 controls between 21-70 years were recruited from the two 
study regions, in a period of two successive years. Cases were recruited from 5 out of 6 
Khartoum (capital) hospitals. In these hospitals liver cancers are diagnosed, following referral 
from the regional hospitals. The admission lists from the departments of Internal Medicine in 
these five hospitals were weekly screened to identify new admitted cases and the responsible 
doctor and patients were contacted. For all cases, the diagnosis of HCC was verified clinically, 
by liver function tests and by ultrasound, due to the severity of the disease histopathological 
examination of a liver biopsy could be verified for 95% of the participated cases. 
Controls were recruited from the same catchment areas as the cases; the number of controls was 
chosen proportional to the population size of the two areas. Therefore, four localities were 
chosen from West Sudan and six localities in Central Sudan. From each locality one sugar shop 
was chosen randomly; these sugar shops hold a complete registry of all inhabitants in the locality 
and registration by the shops is required for obtaining subsidized sugars, a product that is highly 
appreciated in these regions of Sudan. Twenty households were taken randomly from the shop 
list. Since liver cancer is more prevalent among men, selection was made in a ratio 1:3 women to 
men. All subjects agreed to cooperate in the study. 
Diet and life style factors 
Based on the experience obtained during the explorative study11, we designed a questionnaire to 
assess peanut butter intake in a standardized manner. All participating subjects were interviewed 
personally, at hospitals for cases and at home for controls. All interviews were done by one-
person (R.O.) using the standardized questionnaire. The questionnaire inquired on the frequency 
and quantity of peanut butter on a daily or weekly basis. Frequency was inquired both "in 
season" and "off season", the former corresponding to the period of the year with active 
agricultural practices following the start of the rainy season, i.e. June-September (3 months), the 
latter is during the dry season, i.e. October-May (9 months). Quantity was assessed in two ways, 
first in terms of meal pattern, i.e. it was asked whether peanut butter is eaten as part of the meal 
or as full meal; second, the amount of peanut butter consumed per meal was inquired and 
divided by the number of subjects usually sharing the meal. To calculate average monthly 
intake, a weighted average of the frequency consumption "in" and "off season was used. In 
addition to peanut butter consumption, we also assessed the mode of storage of peanuts because 
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this may be relevant to the aflatoxin content of the peanut butter bought at the local markets. The 
questionnaire also identified the potential confounders and other risk factors of HCC, e.g. 
smoking and drinking habits. 
Blood samples 
Blood samples from cases were centrifuged immediately at rpm 2*1000 U/min (2000 round per 
minute units) in 10 minutes, and the sera were then kept at minus 20°C for HBV testing. Blood 
samples from controls were kept immediately after venapuncture in a foam fridge containing 
cooling materials at 4°C, to be transported from the locality to the regional hospital laboratory 
where it was separated using the same technique as mentioned above. The separated blood sera 
were then kept at minus 20°C until they were transferred in a foam fridge at less than 0°C to 
Khartoum National Heath Laboratory where they were kept at minus 20°C. 
Hepatitis analysis 
The samples were analyzed at the National Health Laboratory - Virology Department. HBV 
surface antigen (HBsAg) was determined by Hepanostika HBsAg. In short, 100 ul of (undiluted) 
sample and control were pipetted into assigned wells. Each well was then soaked and washed 
four times with phosphate buffer after it had been incubated at 37 + 2°C for one hour. 100(4.1 of 
TNB substrate was then pipetted into each well. The strips were then incubated at 18-25°C for 
30 minutes. lOOul of sulfuric acid (1 mol/1) was added to each well to stop the reaction. The 
absorbency of the solution in each well was read at 450 ± 5 run. Twenty five percent of the 
positive samples (selected randomly) were also positive when confirmed by the Hepanostica 
HBsAg Uni-form microelisa system. 
Data-analysis 
We analyzed data of 114 cases and 198 controls. Blood samples were obtained and tested for 
HBsAg antibodies from 115 cases and 199 controls (80 from West and 119 from Center); 
missing blood samples were not related to the study design. Food consumption data from one 
case and one control were missing. 
To examine the interaction of dietary aflatoxin exposure (peanut butter consumption) and HBV 
infection, the joint distribution of these factors was compared between cases and controls, 
followed by calculation of crude odds ratio's (ORs) and confidence intervals (CIs). 
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Subsequently, logistic regression analysis was used (SAS statistical package) to adjust the 
association between peanut butter consumption, HBV infection and HCC for potential 
confounders such as sex, age, region, education, occupation, cigarette smoking and alcohol 
consumption (one at a time). Only age appeared to be relevant as a confounder. 
The ORs describing the joint effect of peanut butter consumption and HBV infection on HCC 
were obtained in four different ways, aiming to obtain the best estimate of the separate and joint 
effect under different assumptions. 
First, we described the data without any assumption on additivity or multiplicativity of effects. 
This was done by fitting a model, with indicator variables for each of the 7 combinations of 
peanut butter consumption and HBV infections (versus the reference group). Second, we 
assumed multiplicativity of effects and obtained ORs from logistic regression models with only 
main effects for peanut butter consumption and HBV infection (i.e. without a statistical product 
term or interaction). Third, we obtained ORs assuming additivity of the two factors by 
inspecting the results from the first model (Figure 1) and using the ORs for peanut butter 
consumption among (the relatively large group of) virus negative subjects. Finally, we combined 
our results with other studies to obtain an overall summary estimate with respect to the OR for 
peanut butter consumption, HBV, and their joint effect. To quantify these results, we used 
inverse variance weighted pooled estimates of the In-transformed ORs from three studies 
published before2'4. In order to allow pooling with these other studies, we dichotomized our data 
for peanut butter consumption by joining the three highest categories. 
Calculation of the etiological fraction 
The aim of this study is to quantify the relative contribution of HBV infections and aflatoxin 
exposure to HCC, i.e., the (population) attributable risk (percent), also denoted as the 
attributable or etiological fraction (EF). The EF represents the proportion of all new cases in a 
given period that are attributable to the risk factors of interest. For a combination of two risk 
factors with levels i=l to 4 (categories of low to high peanut butter consumption), and j=l,2 
(without, with HBV infection), the EF is calculated as: 
EF++ = (ID++ - ID,,)/ ID++ = 1- (ID,, / Eg F,j* IDU) = 1- (1/ 2y Fy * IDRy) 
where ID++ is the overall incidence density in the candidate population with exposure to both 
factors, IDn is the rate in the reference group, IDRn=1.0 and the summation is over i and j 1 2 . 
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Thus, the EF is a function of two types of information: (1) the frequency of the risk factors in the 
candidate population (Fy), and (2) the strength of the association between the risk factor and the 
disease (IDRy). It is chiefly the first quantity that makes the EF specific to a particular 
population, while the second is estimated by the ORy obtained from our case-control study. 
Subsequently, we used the ORs derived under the four different assumptions (see data-analysis) 
to calculate the EF. For peanut butter consumption, we calculated 
EFpb = 1 - (Zj F+j*IDR,j) / (SyFy^DRy) 
and for HBV infection we calculated 
EFhbv= 1 - (Si Fi+ *IDRu)/ (£yFy*IDRy) 
In these formula Fj+ and F+j represent the marginal exposure distribution for peanut butter 
consumption and HBV respectively; IDR,i and IDRy denote the IDRs for peanut butter among 
virus negative subjects and of HBV among the reference category for peanut butter intake, as 
estimated under the before-mentioned four assumptions, respectively. 
As argued by Rothman13 public health effects must be evaluated on an additive scale. The part of 
the EF shared by both factors, denoted by EF* is a measure of super additivity or public health 
interaction by both factors and can be calculated as EF* = EFPb + EFhbv - EF++. This formula 
can be derived by determining IDR*y assuming additivity of the observed separate effects, i.e. 
IDR*y = 1+ (IDRii-1) + (IDRij-1) and calculation of EF* = (ID++ - ID*++)/ ID++ = 1- Ey 
Fy*IDRy*/Zy Fy*IDRjj, which reduces algebraically to the easier formula of EF* given before. 
Results 
In this analysis, 114 cases and 198 controls were included. As shown previously, cases appeared 
to be older because the intended frequency matching on age could not be realized during 
fieldwork. A higher percentage of cases were obtained from West Sudan, while distribution 
among controls represents the population size of the two areas, as intended. HCC was three 
times more frequent among males. Illiteracy and being farmer or laborer were more prevalent 
among cases. For drinking and smoking habits, prevalence among cases and controls was 
similar. Age, sex, region, education level and job type were evaluated as potential confounders 
of the association between peanut butter and HCC. The potential bias was accounted for by 
stratified analysis, followed by logistic regression that accounted for several confounders 
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simultaneously. When the potential confounders were added to the models the results for all 
categories of exposure remained essentially similar (data not shown). Only age appeared to be a 
mild confounder and was adjusted for in all analyses. 
The combined effects of peanut butter consumption and HBsAg carrier status on the 
development of HCC are shown in Table 1. A clear dose-response relation between increasing 
peanut butter consumption and HCC was observed. In virus negative subjects, the OR for the 
highest vs lowest level of exposure was 4.18 in crude analysis and increased only slightly to 5.06 
upon adjustment for age, with the test for trend being statistically significant. Furthermore, the 
ORs for virus positive subjects were much higher than for virus negative subjects: The OR in the 
highest category of peanut butter consumption was 41.5, while it was 32.2 for the reference 
category. Thus, the OR for peanut butter consumption among virus positive subjects was 
41.5/32.2 = 1.3 and the test for trend for peanut butter consumption among this subgroup was 
not statistically significant. Partially due to the small number of HBV positive subjects, the X2 
for statistical interaction between hepatitis virus infection and peanut butter consumption was 
not significant either (p=0.17). 
Table 1. Combined effects of peanut butter intake and HBsAg antibody status on the 
development of hepatocellular carcinoma. 
Peanut butter intake 
(g/m) 
<70 
71-150 
151-300 
>300 
Virus 
cases 
8 
11 
16 
30 
negative 
controls 
49 
45 
46 
44 
OR* 
1.00 
1.89 
2.67 
5.06 
(95% Cis) 
(0.60-5.95) 
(0.91-7.87) 
(1.84-13.91) 
Virus positive 
cases 
6 
10 
10 
23 
controls 
2 
2 
3 
7 
OR* 
32.16 
46.46 
35.00 
41.52 
(95% CIs) 
(4.02-257.45) 
(6.82-316.73) 
(5.87-208.59) 
(11.15-154.54) 
*OR adjusted for age. 
Test for trend; X2 =10.94 (p<0.01) among virus negative subjects, X2 =0.02 (p=0.88) among virus positive subjects; 
X2 for interaction between peanut butter consumption and HBV = 1.89 (p=0.17). 
Figure 1 shows the best estimates of ORs based on the former estimates (thick lines), as well as 
assuming a multiplicative effect between peanut butter consumption and hepatitis B infection 
(thin lines). The ORs of the multiplicative model fit within the confidence intervals of the 
previous model, suggesting that both models adequately describe the data. Moreover, the figure 
also suggests that an additive model for peanut butter consumption and HBV infection might 
describe the data equally well. The figure suggest that an additive effect might be estimated by 
about 35 units on the OR scale. Moreover, the size of our study lacks the statistical power 
required to discriminate between these different models. 
9 0 HBV positive 
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Figure 1. Association between peanut butter consumption, hepatitis B virus infection and 
HCC, fitted by different statistical models (see legend). 
Legend to figure 1. Subjects with peanut butter consumption <70g/month and without HBV infection served as the 
reference category. Thick lines connect the estimates fitted with 7 dummies for all combinations of peanut butter 
consumption and 95% confidence intervals for these estimates are indicated as vertical lines (HBV-negative: 
continuous lines; HBV-positive: dashed lines). Thin lines connect estimates of the OR fitted using the assumption 
of multiplicativity of ORs for peanut butter consumption and HBV infection. All models were adjusted for age. 
In order to obtain a better estimate for the joint effect of peanut butter consumption and HBV 
infection, and to evaluate the relation between aflatoxin exposure, HBV infection, and HCC 
quantitatively, we pooled ORs and 95% CI's of our study with three previous individual-based 
studies2"4 (Table 2). Results for peanut butter consumption from our study (OR=3.3, Table 2) are 
obtained by the joining the three highest categories of consumption with the reference category 
(as shown in Table 1); in the other studies detectable vs non detectable levels were compared for 
urinary levels of aflatoxin-metabolites and adducts. The pooled OR for HBsAg-negative subjects 
with high aflatoxin exposure was 2.78 (95% CI= 1.5-5.0). The pooled ORs for HBsAg-positive 
subjects with low and high aflatoxin exposure were respectively 9.55 (95% 0=4.5-20.4), and 
55.2 (95% 0=26.1-117). Thus, even when combined with our results, the OR for the joint 
exposure (55.2) exceeded multiplicativity (9.6*2.8=26.9) of the separate associations by about a 
factor 2. 
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Table 2. Overview of four studies addressing the separate and joint effect of aflatoxins 
and HBV. 
References Aflatoxin 
exp. 
Wang4 (1996) 
38 cases low 
136 controls high 
Qian3 (1994) 
50 cases Low 
267 controls High 
Ross2 (1992) 
22 cases Low 
140 controls High 
Omer (this paper) 
114 cases Low 
198 controls High 
Pooled results 
224 cases Low 
741 controls High 
Odds Ratios (95% CI) 
Hepatitis B virus (HBV) 
Negative Positive 
1.0 
1.7(0.3-10.8) 
1.0 
3.4(1.1-10.0) 
1.0 
1.9(0.5-7.5) 
1.0 
3.3(1.3-8.3) 
1.0 
2.8(1.5-5.0) 
22.8 (3.6-143.4) 
111.9(13.8-905.0) 
7.3 (2.2-24.4) 
59.4 (16.6-212.0) 
4.8(1.2-19.7) 
60.1 (6.4-561.8) 
32.0 (4.0-255.8) 
40.7(12.7-130.9) 
9.6 (4.5-20.4.8) 
55.2(26.1-117) 
Prevalence 
of HBV 
15% 
14% 
11% 
7% 
ORs adjusted for 
Alcohol drinking 
Cigarette smoking 
Cigarette smoking 
Age 
Figure 2 shows the proportion of cases among the population that can be attributed to peanut 
butter consumption and hepatitis i.e. the etiological fraction. This was calculated based on 
estimates obtained from the four previously mentioned statistical models. First, additivity was 
assumed with independence of the effect of the two risk factors i.e. no biological interaction 
between peanut butter consumption and HBV infection. Under this assumption, the population 
attributable risk for peanut butter and hepatitis were 27% and 52% respectively; results were 
only slightly different when a smaller (30) or larger (40) OR for hepatitis was used. Second, the 
logistic model with seven dummy variables was used (as in Table 1). For this model, the 
population attributable risk for peanut butter consumption was 39% and for HBV was 49%; for 
the joint exposure to HBV and peanut butter consumption, the model showed an excess to 
additivity of 7%, suggesting some synergism between these factors. The multiplicative model 
(Figure 2, column 3, see also Figure 1) resulted in a shared responsibility for the two risk factors 
of about 34%; in this case, the population attributable risk of aflatoxins (60%) exceeds that of 
HBV (52%). When ORs from the four pooled studies (including ours) were used, the shared 
responsibility of both factors was even larger (48%) and the population attributable risk of 
aflatoxins exceeded 70%. All four models showed that around 80% of the HCC cases in Sudan 
are attributable to these two risk factors. 
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Figure 2. Percent of cases attributable to peanut butter consumption, hepatitis and their 
joint effect (shared responsibility) according to different assumptions in data analysis. 
Discussion 
In the present study, we investigated the combined effects of HBV infection and aflatoxin 
exposure on the development of HCC. A clear dose-response relation between increasing peanut 
butter consumption and liver cancer was observed. Moreover, HBV infection was strongly 
associated with HCC. The risk for joint exposure to HBV and aflatoxin consumption appeared to 
be more than additive but less than multiplicative for each factor alone. Based on these data, 
32% all cases can be attributed to aflatoxin exposure alone, 42% to HBV infections alone and 
7% to a shared responsibility of the two factors, i.e. exceeding additivity of both effects. 
There is no obvious source of bias to explain our results. Regarding selection and information 
bias we would like to refer to a previous paper' . Briefly, we weekly screened the hospital 
admission lists of all 5 relevant hospitals in Khartoum, enabling us to include all cases from the 
two regions in the study; we only missed the few that were admitted during the periods of 
control recruitment (a total of four weeks during the two years study-period) and those that 
might have been deceased before they could reach the hospital. Although we expect that we 
included most cases, we might have missed the most severely ill subjects who might have been 
more likely to be exposed, i.e. the strength of the association may have been underestimated. 
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Selection of controls was done at random basis, from the same catchment areas that provided 
cases; the total number of controls from each region was proportional to the population size in 
each region. In order to assess the usual intake of peanut butter, frequency and portion size were 
assessed over a time frame of at least one year. In the Sudanese population, use of peanut butter 
is a common practice and there is no knowledge or concern on aflatoxin among the population. 
Given these food habits, the design and standardized format of the questionnaire and the fact that 
all subjects were questioned by only one person, systematic errors in assessment of peanut butter 
intake are not considered a serious problem to our investigation. Therefore, information bias is 
not a likely explanation for the positive association between peanut butter consumption and 
HCC. 
Regarding the pooled analysis, several issues need to be addressed. First, we must be careful in 
interpreting the quantitative outcomes of the pooled ORs, because the previous studies used 
aflatoxin guanine-adducts and/or urinary aflatoxin metabolites as markers of aflatoxin. In 
contrast, we used peanut butter intake as a measure of aflatoxin exposure. Aflatoxin is detectable 
in various foods, but the level of contamination is usually low. Peanuts, peanut-containing foods, 
and soy sauce (not relevant to Sudan) are important exceptions. 
Urinary aflatoxin metabolites including aflatoxin guanine-adducts may reflect only recent 
dietary exposure to aflatoxins (24 hours), and they show considerable day-to-day variation in 
their excretion. Dietary aflatoxin exposure reflects a much longer period of exposure e.g. in our 
study one year before the disease became clinically manifest (for cases); furthermore, eating 
pattern through different seasons was also accounted for in our dietary questionnaire. Secondly, 
it should be noted that each of the four studies has limited statistical power, which justifies 
pooling of the results to arrive at more stable estimates. Although our results (Table 1, Figure 1) 
suggest that the joint effect of both exposures is between additivity and multiplicativity of the 
separate effects, the pooling results clearly suggests super-multiplicativity. Therefore, the results 
from Sudan appear to be compatible with the usual assumption of multiplicativity. 
Regarding HBV alone as a risk factor of HCC, results from the pooling with the three other 
studies, resulted in an OR of 9.6 (95% CI 4.5 - 20.4). This is in line with the results from a 
meta-analysis study by Donato et al.,u which included 32 published case-control studies from 
different parts of the world (OR for HBV = 13.7). The pooled odds ratio of 14 of these studies 
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conducted in sub-Saharan, Southern African and Asian regions where HBV is endemic was 16.7 
(95% CI 14.5-19.3). The strong relative risk of HBV seems to overrule the risk of aflatoxin 
exposure. However, regarding aflatoxin exposure, among HBV carriers in China it was observed 
that the mortality rate from liver cancer was 10 times higher in villages where the individual 
dietary exposure to aflatoxins was high compared to individuals from villages with lower 
aflatoxin exposure5. A case-control study conducted in the Philippines Bulatao et al.,15 observed 
a risk ratio (RR) of 17.0 in individuals exposed to very high levels of dietary aflatoxins (>7ug 
per day), and a RR of 13.9 in those exposed to moderate levels (4 to 6 (ag per day) when 
compared to those who were exposed to relatively low levels (0 to 4 |ag per day). Since the latter 
study did not measure HBV serology of the subjects and the Philippines are a HBV endemic 
region, it is uncertain how much of this significant association could also be attributed to HBV 
carrier status. Thus, we argue that the risk of HCC seems to depend on the proportion exposed to 
both factors. 
In Sudan, HBV and aflatoxin exposure accounts for about 80% of HCC either alone, or in 
combination. The results shown in Figure 2 (column 2), provide the best description of our 
dataset obtained from modeling with product terms. However, a multiplicative model (column 3) 
is also compatible with our data and corresponds better to the pooled data. Thus, the 
multiplicative model might give a valid estimate for Sudan, which brings the population 
attributable risk for aflatoxins in Sudan to 60% exceeding that for hepatitis (52%). As for 
primary prevention strategies, the purpose is to limit the incidence of liver cancer by controlling 
exposure to risk factors or by increasing individual resistance to them (e.g. by vaccination). The 
proportion in a population that could be prevented depends on the RRs and prevalence of the 
exposure (either HBV or aflatoxins). Reduction of aflatoxins from Sudanese food may serve as 
along-term strategy for Sudan, but a short-term strategy by HBV immunization of children as 
well as high risk groups in endemic areas is also feasible. 
In summary, peanut butter consumption and hepatitis infections, are important risk factors of 
HCC. In Sudan, reduction of aflatoxin contamination of foods seems to be slightly more 
important for the prevention of HCC than HBV immunization. 
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Introduction 
The studies reported in this thesis were designed to quantify the impact of aflatoxins on the 
etiology of hepatocellular carcinoma (HCC) particularly in Sudan. The ultimate objective was 
to find clues for prevention and control of HCC among the Sudanese population. This objective 
was pursued by conducting a case-control study in two regions in Sudan (West and Central), in 
order to maximize heterogeneity in exposure to aflatoxins and HCC risk. Apart from these 
issues of direct relevance to the Sudanese population, we also addressed issues of general 
scientific interest that help to substantiate our findings e.g. genetic factors and albumin 
adducts. 
First, an explorative study was carried out (Chapter 2), aiming to address contamination of 
peanuts with aflatoxins and to investigate the feasibility of conducting a case-control study. In 
this study we also compared the population from both regions, we tested the questionnaire to 
be used in the main study, and we identified the possibilities to include biological markers in 
the main study. 
The main case-control study included ca 150 cases and 200 controls. In this study we evaluated 
the risk of peanut butter consumption, storage conditions and GSTM1 (Chapter 3). In addition 
the possible role of polymorphisms in GSTT1 and EPXH has been investigated in detail 
(Chapter 4). Subsequently, hepatitis B and C infections have been studied as important risk 
factors of HCC (Chapter 5). In order to evaluate potential public health measures for HCC 
prevention in Sudan, the combined effect of hepatitis B virus and intake of aflatoxins was 
studied in more detail (Chapter 6). 
In this chapter, the main findings of our studies are summarized (Table 1). Methodological 
issues that may interfere with the interpretation of the results are discussed (page 101-110). 
Subsequently, our results are compared to those from related studies (page 110-113). Relevant 
public health measures and directions for future research will be presented at the end of this 
chapter (page 113-116). 
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Table 1. Main findings of the studies described in this thesis. 
Relevant subject Main findings 
Contamination of peanuts with 
aflatoxins (Chapter 2) 
Peanut butter consumption and 
HCC (Chapter 3) 
Genetic susceptibility 
(Chapter 3,4) 
Hepatitis infections and HCC 
(Chapter 5) 
Public health (Chapter 6) 
Mean contamination level is 20 times the WHO 
permissible level (10 (xg/kg). 
Strong positive association especially among 
subjects deficient in aflatoxin detoxification, 
(GSTM1 null genotype). 
Whereas GSTM1 has a major role in aflatoxins 
detoxification, GSTT1 plays no role in HCC. 
For EPHX polymorphisms, no interaction with 
peanut butter consumption was observed. 
Hepatitis infections are major risk factors, showing 
strong associations with HCC. 
Around 80% of HCC cases are attributable to 
exposure to aflatoxins (peanut butter intake) and 
hepatitis B infection. Ca 50% is due to aflatoxins 
whereas similar percentage could be attributed to 
hepatitis B virus infection. 
Methodological issues 
Epidemiological studies are susceptible to several forms of bias. Issues related to validity and 
precision of the studies presented in this thesis will be discussed in this chapter. Due to poor 
infrastructures in a developing country like Sudan, special consideration will be paid to the 
conduct of these studies under such circumstances. Internal validity will be discussed in terms 
of selection bias (recruitment of subjects, page 101), information bias (assessment of exposure 
and use of biomarkers, page 104 and 105, respectively) and confounding and effect 
modification (in the comparison between regions, page 106). Conclusions of the above 
mentioned will be presented on page 109. 
Recruitment of cases 
In a case-control study the proper ascertainment of cases and controls is of crucial importance. 
Apart from objective criteria for the diagnosis of the disease and eligibility criteria for cases 
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and controls (extensively described in Chapter 3), this also requires unbiased recruitment 
procedures. 
With respect to recruitment procedures, cases might be identified through regional health 
registers, through records of large ambulatory-care practices, or through admission to hospitals. 
In this study cases were recruited from the admission lists of five out of six hospitals in 
Khartoum for the main study (four in the explorative study, chapter 2). The use of these lists 
enabled us to include cases from the two study regions irrespective of their exposure history. 
Since HCC is a rare and serious disease, new suspected incident cases are usually referred from 
the regional to the hospitals in Khartoum for adequate diagnosis and treatment. Moreover, one 
of the hospitals, which served as a main source for cases in both the explorative and the main 
study, is a national centre for gastro-intestinal diseases in Sudan; HCC cases diagnosed in other 
hospitals in Khartoum are referred to this centre for treatment. This leaves the one (two) non-
cooperating hospital(s) even less important; furthermore, the latter hospital(s) is of minor 
importance to case-recruitment since it obtains the majority of its cases from northern Sudan 
i.e. it does not represent the catchment area of cases originating from West and Central Sudan. 
During the conduct of this study, it appeared that absence of proper hospital registries in 
Sudan, made it rather difficult to verify completeness of case recruitment, and qualitative 
arguments have to be used indeed. One might expect that some cases were missed especially 
from the larger western region, which is situated at a slightly further distance from Khartoum. 
Therefore, the difference in risk between the two regions (and the association with intake of 
peanut butter) might be underestimated. Nevertheless, as we anticipated, we do see a higher 
risk of HCC in the western region. 
Therefore, improvement of registries in the study regions as well as in other regions in Sudan 
seems to be of crucial importance as it could provide reliable incidence figures for comparing 
the regions in this study and it could offer better possibilities for monitoring and evaluation of 
public health in Sudan. Furthermore, such registries might help to compare the health issues in 
Sudan to other countries. For instance, due to the lack of proper cancer registries, currently no 
data on cancer incidence are available from Sudan in the WHO-IARC series "cancer incidence 
in five continents", 199793. 
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In conclusion, we are confident that the cases that have been missed have not seriously affected 
our results. However, in order to substantiate such a statement quantitatively, hospitals and 
health registers in Sudan need to be improved. 
Recruitment of controls 
The studies focused especially on two regions in Sudan (West and Central), where peanut 
consumption is considered to be habitual and that were suspected to be different in exposure to 
aflatoxins as well as the incidence of HCC. This approach was intended to increase the 
heterogeneity of exposure to aflatoxins. Controls were obtained randomly by the use of 
infrastructure available in the area e.g. health centers (explorative study) or sugar shops (main 
study). 
In the explorative study, the controls from both regions were recruited from subjects attending 
three health centers chosen randomly by means of a multistage sampling procedure. The same 
statistical procedure was adopted in the main study for the random selection of sugar shops 
from West and Central Sudan (four and six sugar shops, respectively). Registration by sugar 
shops is required for all inhabitants in the region irrespective to their income status. Controls 
were then randomly recruited out of the sugar shop lists. In Sudan, this was the only available 
infrastructure that can provide a frame of potentially eligible controls in the target population; 
the population enrolled via the health centers can be biased as compared to the target 
population under consideration, because of their illness and complaints. The sugar shop lists 
provide advantages over the health centers lists as they could give an unbiased procedure for 
control recruitment. 
Unfortunately the sugar shop lists do not provide inhabitant's ages. Therefore, age matching 
could not be properly attained for the control groups in this study, because it would require too 
much extra work and time. However, because of time constraints in the conduct of our study, 
we had to make a choice between proper age matching of controls and blood collection from 
controls. We considered the latter to be more important to properly address hepatitis infections, 
genetic susceptibility and albumin adducts. 
From the former, the necessity of population registries establishment arises. Such registries 
could make age matching more easy and feasible for studies like ours. In addition, they may 
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provide good sources for descriptive data relevant to other studies, as well as producing 
statistics on the occurrence of cancer in Sudan to be compared to other countries. 
In conclusion, although recruitment of controls by means of sugar shop lists did not allow 
matching by age, we consider the controls in this study representative of the target population 
when age is accounted for by statistical methods. Yet, the presence of population registries 
would enable age matching and improve the statistical efficiency of similar studies. When 
combined with cancer registries, such registries could provide a proper estimate of the 
incidence figures of different tumors in Sudan. 
Assessment of exposure to aflatoxins 
In retrospective studies, dietary questionnaires should be designed to investigate the exposure 
of cases and controls with similar validity, with the reference period coinciding with the 
etiological relevant time frame. In the present study, intake of aflatoxins in the decade(s) before 
disease occurrence is considered relevant to the etiology of HCC. The intake of aflatoxins 
depends on both the food pattern and the aflatoxin content of foods. In Sudan, these two 
determinants of aflatoxin intake have different characteristics, relevant to exposure assessment. 
Food pattern. In this respect the questionnaire investigates the food habits especially peanut 
butter consumption in terms of frequency, daily quantity and number of consumers (resulting 
in average consumption). In order to account for seasonal differences in eating pattern, intake 
was assessed over a whole year by using questions on intake during harvest period "inseason" 
and "off season". Except for this seasonal variation, food patterns tend to be constant for long 
periods of time because of limited food sources and possible variations. Other main 
components of meals, which are suspected to be possible sources of aflatoxins (i.e. sorghum, 
millet or corn), were also investigated. Therefore, given these stable foods habits and the 
design of the questionnaire, recall bias is not considered a serious problem. As dietary habits of 
cases tend to change when symptoms of liver cancer arise, the reference period for this food 
pattern was one year before symptoms occurred. Misclassification of exposure might occur 
when a population is in a transition stage e.g. due to changes in the economic situation. Thus, 
as a result of the recent economic decline in Sudan, the central region might be in a transition 
stage regarding food habits i.e. people tend to shift to a cheaper source of protein (peanut 
butter). 
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Aflatoxin content of foods. To assess the extent of aflatoxin contamination, duration and type of 
storage were investigated as indicators of this contamination. Samples of peanut butter were 
collected randomly at different time intervals after harvest and from different storage types in the 
two study regions. Subsequently the level of aflatoxins was determined in these samples. 
However, we suspected that aflatoxin content of peanut butter might be highly heterogeneous 
within the same storage type, and from year-to-year; this is probably due to the yearly variation of 
environmental factors such as temperature, humidity and precipitation. Therefore, aflatoxins 
content of samples is not considered reliable enough to calculate the individual exposure to 
aflatoxins over a long time period. 
Genetic polymorphisms. Considerable differences regarding the metabolism of aflatoxins 
determine the susceptibility to liver cancer. The carcinogenicity of aflatoxins partially results 
from the incapability of producing aflatoxin-detoxification enzymes e.g. glutathione S-
transferase (GSTM1). Genetic polymorphisms in such enzymes result in higher exposure of the 
target organ (target DNA molecules) to carcinogenic aflatoxin metabolites. 
Assessment of exposure using biological markers 
Hepatitis infections. The high prevalence of self-reported hepatitis infections observed in the 
explorative study as well as the main study was due to the high prevalence of non-carcinogenic 
types of hepatitis. Thus the prevalence of anti-hepatitis A virus in adult Sudanese subjects was 
found to be 96%94. However, only hepatitis B and C viruses are relevant to liver cancer. In the 
explorative study self-reported hepatitis was not associated to HCC, which was attributed to 
the low specificity of self-reported hepatitis, leading to misclassification results of the 
biologically relevant forms of hepatitis. For this reason, the laboratory checking for this 
important risk factor was considered a necessity in the main study, even more important than 
improved statistical efficiency by matching for age (see page 103). In the main study both the 
questionnaire data and blood samples were available. Indeed, sensitivity and specificity of self-
reported hepatitis indicate that questionnaires are not suitable to assess hepatitis infections 
(Table 2). 
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Table 2. Lack of association between self-reported hepatitis infection and serological 
laboratory data 
Lab results 
HBV 
Positive 
Negative 
Total 
HCV 
Positive 
Negative 
Total 
Yes 
31 
119 
150 
6 
144 
150 
Self-reported hepatitis 
No 
32 
132 
164 
10 
154 
164 
Total 
63 
251 
314 
16 
298 
314 
Test characteristics 
Sensitivity = 50% 
Specificity = 53% 
Sensitivity = 43% 
Specificity = 52% 
Albumin adducts. Beyond the intake of aflatoxins, its metabolites can be measured in humans 
and animals as markers of exposure. In an extension to this study, aflatoxin albumin adducts 
will be measured in blood serum as an indicator of recent exposure (integrating over about 
three months). However, cases might have changed their eating habits. In our study more than 
80% of cases stopped eating peanut butter at the time they became diseased. Therefore, 
aflatoxin albumin adducts are intended to be determined among the controls only and will be 
used to compare the exposure of aflatoxins in the two regions and its association with peanut 
butter intake as well as with genotype. 
In conclusion. Human biomarkers are considered to provide useful information for 
epidemiological research. Thus, the contribution of hepatitis infections in HCC can be 
validated properly by the use of serological laboratory analysis for hepatitis markers. 
Comparisons between regions. 
The previous findings by Zaki, 199155 and the clinical observations of a relatively high number 
of HCC cases from West Sudan as compared to Central Sudan contributed to the rationale of 
the present study. The population of the two regions together was taken as the study 
population, with the number of controls proportional to the population size of each region. 
Thus, the range of exposure to aflatoxins was considered to be large, which might result in 
observing a stronger association (provided that confounders did not differ markedly between 
the regions). However, region appeared to be a modifier of the association between peanut 
butter consumption and HCC in crude data analysis, although this disappeared largely in 
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further analysis. Therefore, we systematically discuss the regional differences and the possible 
background of the effect modification by region (if any) in this paragraph. 
In order to explain the risk difference between the high and lower HCC incidence region and 
also to provide information directly relevant to exposure to aflatoxins, comparisons were made 
at the group level between the two regions. Our findings clearly show that the western region 
has the higher incidence of HCC as compared to the central region (i.e. OR=1.9). Central 
Sudan has a good infrastructure and higher socio-economic status so that people can possibly 
reach Khartoum hospitals more easily when they are diseased. This way, cases that would have 
been missed during the study period would probably be living in West Sudan. Thus, the OR of 
1.9 is not likely to overestimate the risk differences between the regions. Nevertheless, we will 
evaluate whether this risk difference can be explained by confounding by other risk factors that 
differ between the regions (i.e. life style, food patterns and hepatitis infections), or by effect 
modification (i.e. stability of food habits, aflatoxin content of food and genetic susceptibility). 
Potential confounders underlying the region effect 
Life style. Alcohol consumption and cigarette smoking were found to differ between the two 
regions. They were not materially associated with HCC, however. Thus, when they were 
included in a multivariate regression model to control for their confounding effect, the regional 
risk difference remained the same. 
Food patterns. Other food patterns differed between the two regions. When these foodstuffs 
are suspected to be contaminated with aflatoxins or other mycotoxins (e.g. millet 
consumption), this may play a role in the risk difference between the regions. However, when 
included in a multivariate logistic model the difference in the risk between the two regions 
remained of similar strength (OR=1.8). 
Hepatitis infections. The association between region and HCC may be confounded by hepatitis 
infections. However, the prevalence of hepatitis infections is 10% and 8% in West and Central 
Sudan respectively. When multivariate logistic regression was conducted the risk difference 
between the two regions remained of similar strength. 
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Potential modifiers underlying the region effect 
Aflatoxins content. Peanut butter samples were collected from different storage types in the two 
regions. As mentioned before, these levels fluctuated highly during the explorative and the 
main study periods (Table 3). Results from the explorative study are in line with previous 
findings from West Sudan20. Incidentally the main study period 1997-1998 has shown very 
high aflatoxins levels in peanuts from Central Sudan (reports from Quality Control Dept. 
Sudan). In addition, the long-term aflatoxins exposure in West Sudan is more likely to explain 
the higher HCC incidence in West over Central Sudan. 
Stability of food habits. Given the fact that most subjects in West Sudan are farmers and 
labourers, consumption of peanut butter in West Sudan is more stable over longer periods. In 
contrast, Central Sudan has recently become a transition society i.e. as a result of economic 
decline in the latest period (3-4 years) people at different educational levels and occupations 
are shifting to cheap sources of protein like peanut butter. Therefore, the food frequency 
questionnaire over a one year reference period may not reflect long-term exposure to aflatoxins 
in the central region, but it does in the western region. The resulting misclassiflcation of the 
long-term exposure may lead to attenuation of the association, especially in Central Sudan. 
Genetic factors. Genetic factors not included in this study may, in theory, explain the risk 
difference between the two regions. GSTM1, a main modifier of the association between 
peanut butter intake and HCC was found to be similar in the two regions. Genetic factors that 
are different among Sudanese from Arab origin and those from African origin may partially 
explain the difference in risk between the two regions, indeed the EPHX polymorphism was 
slightly different between the regions, but we lack sufficient power to reach a firm conclusion. 
Table 3. Mean value of AFBi concentration over 1-year period in samples of different 
storage types in West and Central Sudan. 
Region Storage type Main study (1997-1998) Explorative study (1995) 
^samples ug/kg* (logio) #samples ug/kg* (logio) 
West Sudan Dry storage 10 20.6 (1.32) 16 8.7 (0.94) 
Humid storage 11 15.1 (1.18) 11 55.2 (1.74) 
Central Sudan Dry storage 4 27.5 (1-44) 6 6.0 (0.78) 
Humid storage 5 13.0 (1.11) 4 5.5 (0.74) 
* = Concentrations were retransformed from mean value on a log10 scale. 
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Thus, life style, food patterns and hepatitis infections can not explain the high HCC risk in 
West Sudan as compared to Central Sudan. The strong association between peanut butter 
consumption and HCC in West Sudan might in theory be due to a high aflatoxin content and 
higher prevalence of EPHX polymorphisms in West Sudan and/or less stable food habits in 
Central Sudan. Although the effect modification disappeared in multivariate analysis, it is 
difficult to say whether this is truly and completely absent or whether its presence reflects 
limitations of the study size for such types of analysis. 
Conclusions 
Selection of cases. Cases enrolled in this study were community-based subjects, from the same 
catchment area of the controls. In addition, cases were clinically and pathologically confirmed 
as HCC patients (95% of participating cases were histologically confirmed). Our weekly 
screening of the admission lists of the five hospitals in Khartoum will enable almost all cases 
from the two regions independent to their history of exposure to aflatoxins to be included in the 
study. Those who might have been missed during the conduct of the study were not considered 
to affect the internal validity so much, but the completeness could not be verified by health 
administration systems in Sudan, unfortunately. 
Selection of controls. The random-based selection of controls enabled each control from the 
target population irrespective to his or her exposure history to have an equal chance to 
participate in the study. However, the ideal balance of age distribution in cases and controls 
could not be properly attained; nevertheless, age did not appear to be strongly related to peanut 
butter consumption and therefore, it did turn out not to be a strong confounder. 
Assessment of exposure to aflatoxins. The use of peanut butter is considered to be common 
practice in the Sudanese population, and there is no knowledge or concern on aflatoxins among 
the population. Given these stable food habits, the design and standardized format of the 
questionnaire and the fact that only one person questioned all participating subjects, 
information bias is not likely to explain the positive association between peanut butter 
consumption and HCC. Moreover, the observed interaction with GSTM1 genotype cannot be 
affected by information bias. 
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Assessment of hepatitis infection. Hepatitis infections appeared to be an independent risk factor 
of HCC in this study. Questionnaire information is less reliable for hepatitis infections, due to 
the high prevalence of the non-carcinogenic types of hepatitis among Sudanese. 
Comparison between regions. Differences in life style, food patterns, and case ascertainment 
can not explain the difference in HCC risk between the two regions. Aflatoxin content of 
peanut butter is higher in West Sudan than in Central Sudan, although this was clearer in the 
explorative study than in the main study. Peanut butter consumption is a habitual practice in 
West Sudan whereas it considered as a recent habit in Central Sudan (transition society), which 
may lead to misclassification of exposure especially in Central Sudan. 
In conclusion. The findings reported from the studies in this thesis (Table 1, page 101) are not 
likely to be seriously affected by issues related to the internal validity (i.e. selection bias, 
information bias and confounding). However, to ensure the completeness of subject 
recruitment, additional data from hospitals and population registries would be welcomed. 
Comparison with other studies 
Results from this case-control study provide evidence for an etiological role of aflatoxin intake 
in hepatocellular carcinoma in Sudan. In this section, we will discuss the discrepancies of our 
findings with the retrospective and prospective epidemiological studies mentioned in the 
introduction (Chapter 1). Our findings on dietary exposure to aflatoxins will be compared to 
other epidemiological studies, which used dietary sources of aflatoxins or/and markers of 
exposure. The findings for genetic susceptibility and hepatitis infections will be compared to 
other relevant studies presented previously. The potential interaction of hepatitis B virus with 
aflatoxins has been compared to relevant literature in chapter 6; this chapter contains a 
discussion on potential public health implications of our findings for Sudan. 
Retrospective studies using dietary sources and biomarkers of aflatoxins 
exposure 
The positive association between the intake of aflatoxins or peanut butter and HCC (chapter 3) 
is in line with two large retrospective studies (Bulatao et al, 1982 and Zang et al, 1998)69'71, 
whereas two other studies may have been too small to detect the association (e.g. Srivatanakul 
et a/.,1991)7 . Furthermore, the latest two studies (Srivatanakul et al, 1991 and Lam et al, 
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1982)68'70 addressed exposure of cases in the hospital, whereas usual exposure before 
occurrence of symptoms was addressed in the present study. Thus, the apparent inconsistency 
between our findings and these two studies might be due to altered diet in the cases because of 
illness. Indeed in our own study ca 80% of cases reported that they had reduced their intake of 
peanut butter recently, whereas 2% of controls reported so. For the same reason comparison of 
biomarkers of aflatoxins between cases and controls in case-control studies is of limited value 
(e.g. Srivatanakul et al, 1991)70. In the study by Lam et a/.,68 the low range in the frequency of 
consumption of presumed afiatoxin-contaminated food might have led to misclassification of 
exposure. Moreover, in the latter study aflatoxin contamination of food was based on a market 
survey that had been performed 10 years before the study. 
Prospective studies using biomarkers of aflatoxins exposure 
Our finding for dietary intake of peanuts (or aflatoxins) (Chapter 3) are consistent with the 
cohort and the nested case-control studies mentioned in the introduction. In most of these 
studies markers of aflatoxins (albumin and/or urinary adducts) were examined as recent 
markers of exposure to aflatoxins. Since the samples were obtained from cases before the 
disease became clinically manifest, the comparison of markers between cases and controls in 
prospective studies is unlikely to be affected by altered dietary habits. However, the 
comparison of dietary exposure of aflatoxins in our study allows to address a dose-response 
relationship, whereas in most of the previously mentioned studies the comparison of albumin 
and urinary adducts had to be made for a dichotomy of detectable vs. non-detectable levels. 
Genetic factors 
Humans differ with respect to the metabolism of AFB]-exo-8,9-epoxide conjugation to 
glutathione S-transferase (GST). Our results on genotypes clearly show that the risk of HCC 
from peanut butter consumption is mainly restricted to people who have the GSTM1 null 
genotype (Chapter 3). Chen et al, 199665 reported similar findings; they observed that high 
AFBi-adduct levels were restricted to subjects having the GSTM1 null genotype. Our finding 
is in line also with others (e.g. McGlynn et al, 1995)95 who postulated that the high risk of 
developing AFBi-adducts may be mainly among individuals with the GSTM1 null genotype. 
Such an interaction between GSTM1 and albumin adducts was also shown in a study including 
328 healthy Gambian subjects96. 
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The relation between GST activity and HCC is also clear from interspecies differences; animal 
species found to be resistant to aflatoxin carcinogenesis such as mouse, have three to five times 
more GST activity than susceptible species, such as rats. Humans have even lower GST 
activity than rats or mice and are supposed to experience higher risk of HCC . Thus, our 
observations on the interaction between peanut butter consumption and GSTM1 null genotype 
are also in line with these biochemical interspecies differences. 
Apart from GST-n, other enzymes such as GST-0 and microsomal epoxide hydrolase (mEH) 
might be involved in detoxification of aflatoxins in hepatocytes, although less prominent97. 
However, we did not observe an association between the GSTT1 null genotype and HCC 
(Chapter 4), whereas in a relatively small study (32 cases and 73 controls) 5 a positive 
association between the GSTT1 null genotype and HCC was observed. Our findings are in line 
with those in the Gambia study by Wild et al.96, who did not observe an association between 
GSTT1 and AFBpadducts levels. As also described in Chapter 4, our results indicated that 
with respect to EPHX polymorphism, carriage of the combination of EPHX 113HH and 
139HH genotypes is associated to a moderately increased risk of HCC. It has been found by 
McGlynn et al.,95 that EPHX 113HH genotype carriers had a higher risk of HCC than those 
without this genotype. These results however, could not be confirmed in the Gambian study 
investigating the association between this genotype and high levels of AFBi-adducts, and 
similarly our results did not indicate presence of an association between the EPHX 113HH 
genotype and HCC. No interaction between EPHX genotype and peanut butter consumption 
was observed in this study; this is consistent with biochemical studies which showed that 
mEH-catalyzed hydrolysis may not be a limiting factor in aflatoxin detoxification since 
hydrolysis of aflatoxin 8,9-epoxide can occur spontaneously at equally high efficiency . 
In conclusion, the observation of an interaction between peanut butter consumption and 
GSTM1 genotype is consistent with other epidemiological studies that used either AFBi-
albumin adducts levels or HCC as endpoints. This adds further credibility to the interpretation 
that the peanut butter consumption is indeed a causal factor of HCC in Sudan. 
Hepatitis virus infections 
In this study hepatitis B and hepatitis C viral infections were found to be strongly associated 
with HCC (Chapter, 5). Our findings for this association are consistent with the findings shown 
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by Donato and colleagues74 from a meta-analysis of 32 published case-control studies from 
different parts of the word. Thus, our findings were closely related to the summary odds ratios 
of 14 of these studies from sub-Saharan and Southern Africa regions where hepatitis B 
infection is highly endemic. In our study, the prevalence of HBV among healthy subjects is 
found to be higher than the prevalence of HCV, and was similar to what has been reported 
from an Ethiopian population" (country neighbouring to Sudan). However, HBV prevalence 
from our study was not in line with a small Sudanese study94 in which a HBV prevalence of 
24% was assessed from 21 young blood donors. The anti-HCV prevalence in our study 
population (1.5%) is quite similar of what has been published from Saudi Arabia (1.5%)10 . 
The prevalence of both HBV and HCV among HCC cases from our study (50%) are similar to 
the findings from a Sudanese study by Moudawi et al. (59%)101. 
Implications for prevention and future research 
Implications for agricultural policy and public health 
The results of our study have pointed at both aflatoxins and hepatitis as important factors in the 
etiology of HCC in Sudan (Chapter 6). Therefore, both agricultural and public health measures 
can be considered in order to reduce this risk. 
Measures in agricultural policy could be proposed to reduce exposure to aflatoxins, including 
action at the level of agricultural practices and at the level of human behavior. Regarding 
agricultural practices, the following measures are considered relevant. They are known for 
along time already and our results suggest that they need to be implemented in Sudan as well: 
• Agricultural measures should aim to reduce contamination with aflatoxins. In first instance 
this should aim at minimizing mould growth. To do this, several pre-harvest control 
measures have been identified (FAO/WHO, 1987)17, and have been reinforced (FAO/WHO 
1999)18. These include selection of high resistance varieties especially at rain fed areas, 
prevention of physical damage to crop by insects, and appropriate crop rotation. 
• Similarly harvest precautions should be taken e.g. harvesting of the crop at the proper stage 
of maturity, proper handling to avoid physical damage and removal of contaminated field 
soils. Subsequently, contamination during sun drying can be avoided by introduction of 
mechanical drying and subsequent packing of the crop in clean fumigated sacks. 
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• Storage conditions are of major importance therefore; it should be promoted by 
development of dry storage facilities, both at local production sites as well as in big cities. 
• Other important measures such as regular quality control at local selling points (markets) 
and before processing of peanuts. An aflatoxin-detoxification plant, present in Port Sudan 
city, should be re-established. This plant is built to chemically destruct aflatoxin Bi in 
contaminated feed stuffs so as to prevent aflatoxins entering the human food chain. This 
would probably serve both national health issues as well as economic benefits (export). 
In addition to harvesting and storage precautions, the key persons to put agricultural advices 
into practice need to be taken into account. From this point of view, the following issues are 
considered relevant: 
• Farmers and laborers are key persons controlling the agricultural production. Improvement 
of the health situation of populations in high-risk areas should focus on these key persons. 
Ultimately, reduction of aflatoxin contamination will lead to better agricultural production, 
an improved trade position and economic development. 
• Screening of kernels by excluding the damaged or discolored peanuts manually or 
mechanically or by electronic methods, prior to processing and sales is an important way of 
minimizing exposure to aflatoxins. Since people in small communities benefit from selling 
these small-sized and damaged kernels for peanut butter production, this is probably one of 
the most critical points in reducing exposure to aflatoxins at the individual level. 
Based on our results (Chapter 6), the following public health priorities for Sudan can be put 
forward: 
• Measures could be taken to reduce the incidence of HBV and HCV infection, such as 
immunization for HBV of infants in high incidence areas and of high-risk groups in low 
incidence areas. 
• Screening of donor blood should not only address HBV but should be extended to HCV 
antibodies as well. This might prevent HCV prevalence to reach the levels that are seen in 
other neighbouring countries such as Libya102 and Egypt103. 
• Hospital registries should be improved and population-based cancer registries should be 
established. This can provide full information on the disease burden and geographical patterns 
of cancer in Sudan. Furthermore, this might help to focus research on aetiology and prevention 
of diseases of large public health importance. 
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In the preceeding part various agricultural and public health measures have been indicated to 
reduce HCC in Sudan. The results of our study suggest that both measures are of similar 
importance regarding HCC prevention in Sudan. 
Unless much cheaper vaccines become available, the costs required for hepatitis vaccination will 
put a great burden on the governmental and national economics. The immunization for HBV of 
infants in high incidence areas and of high risk groups in both high and low incidence areas, 
seems to be of high importance as a short-term prevention strategy for HCC. However, our data 
suggest that elimination of HBV alone would not be sufficient to eradicate HCC in Sudan. 
On the other hand, implementing agricultural policy with proper attention to key persons is put 
forward to reduce the contamination of peanuts with aflatoxin. Reduced aflatoxin exposure might 
lead to improved health and higher productivity of farmers and labourers. Ultimately this may 
lead to a better trade-position and hence the development of the national income as well. 
In conclusion we do recommended that the measures in agricultural policy provide the best 
strategy for a long-term and lasting contribution to the health of the Sudanese people. For the 
short-term, however, immunization of HBV of infants and high-risk groups in areas where 
hepatitis is endemic, has to be considered as well. 
Future research 
Based on our results and insights obtained during this project, several types of research can be 
considered. These include research directly related to aflatoxins, to their health effects, or 
concerning prevention of hepatitis. In addition, questions of more general scientific interest 
could be considered. 
First, the occurrence of aflatoxins in other cereals (grain) products and the occurrence of other 
mycotoxins such as fumonisins, ochratoxin etc. and their relevance to human health in Sudan 
need a closer look. In addition, the use of bond-ditch water and the possibility of its 
contamination by blue green algae toxins may require investigation. 
The rationale for reduction of aflatoxins in food in highly exposed regions in Sudan might be 
strengthened by additional research on the role of aflatoxins in other diseases, nutritional 
status, child growth and morbidity. Thus, aflatoxins are incriminated in neonatal jaundice and 
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are supposed to cause prenatal death and reduced birth weight. Aflatoxin Mi was found to 
occur in up to 40% of breast milk samples from tropical Africa, and this might contribute to 
kwashiorkor among breast-fed children . Furthermore, a role of aflatoxins has been proposed 
in the pathogenesis of malaria. Aflatoxins may contribute to morbidity among young children, 
and loss of economic productivity by the working force. 
In order to substantiate the public health measures to reduce hepatitis transmission among 
Sudanese people, research questions relevant to hepatitis infections need to be addressed. These 
include the mode of transmission of hepatitis B, e.g. by scars and other tattoo practices among 
children particularly in regions where hepatitis is endemic. The relative importance of such 
cultural-based transmission should be compared to prevention mediated by hepatitis immunisation 
programs. 
Research questions of general scientific interest are also worthwhile to be addressed in future 
research including a comparison of aflatoxin albumin adducts in different regions in Sudan, or 
evidence of codon 249 mutations in the p53 gene as a finger print of exposure to aflatoxins among 
Sudanese HCC patients. Others topics might include intervention with oltipraz, a 
chemopreventive agent that can lower the biological effect of aflatoxins by decreasing its 
metabolism to the ultimate carcinogenic form and increasing the detoxification pathway. 
Despite of the research questions of direct relevance to Sudan and those of general scientific 
interest, the research issues should not be used as an argument to postpone the agricultural and 
public health measures mentioned in the previous section (page 113). 
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Summary 
Liver cancer or hepatocellular carcinoma (HCC) has been recognized for many years as one of 
the most common malignancies in sub-Saharan countries in Africa, South-East Asia and China. 
Mortality is practically 100% and an estimated number of 250,000 subjects die annually, most 
of them middle-aged males. The death rate is still rising even in low-incidence areas. In Sudan, 
clinical records suggested that liver cancer is high and increasing. Figures from the National 
Health Laboratory reflected an increase in the incidence over the period 1970-74 from 1.7% to 
3.8% (of all reported cancers) in the period 1979-84. 
Aflatoxin contamination of food, hepatitis B viral infection, malnutrition, and various parasitic 
infestations are frequently found to coexist with HCC in many developing countries. Climatic 
conditions, agricultural practices and the dietary pattern in Sudan, as well as in many of the 
sub-Saharan African regions, are contributing to the contamination of food with aflatoxins and 
possibly to the hazard of HCC. 
This study was designed to investigate the etiological factors relevant to the incidence of 
hepatocellular carcinoma among the population in two regions in West and Central Sudan, in 
order to find leads for prevention and control. The two regions were suspected to differ in 
exposure to aflatoxins and the risk of HCC. To our knowledge, this is the first individual-based 
epidemiological study so far to investigate the contribution of aflatoxin exposure on HCC 
among an African population, since only ecological studies from Africa have been published. 
In order to assess the feasibility of conducting a large case-control study, we first conducted a 
small explorative study (Chapter 2) among 24 confirmed HCC patients and 34 healthy subjects, 
from the two study regions in Sudan. West Sudan, the region with the alleged highest liver 
cancer incidence, showed the highest peanut butter consumption and highest aflatoxin 
concentration (87.4 + 197.3) compared to Central Sudan (8.5 ± 6.8). In this region, peanut 
butter stored in mud buildings was related to highest levels of aflatoxin concentration; these 
mud buildings were also found to be associated with HCC (OR 7.5, 95% CI 1.4-40.2). Despite 
of this, the use of a calculated index of individual aflatoxin intake did not reveal a clear 
association with HCC, probably due to lack of reliability of this index as a marker of long-term 
individual exposure. These results supported the idea that contamination of peanut butter with 
aflatoxin might contribute to HCC in Sudan. 
In the explorative study, hepatitis infections were considered as a potential confounder in the 
association of aflatoxin and HCC. However, since hepatitis infections were determined by 
questionnaire, misclassification resulted in an unacceptable dilution of the association with 
HCC and adjustment for potential confounding was not possible. This pointed at the need to 
use serological blood tests to assess hepatitis infections in the main study. 
In the main study the role of aflatoxins from peanut butter in the etiology of HCC in Sudan was 
investigated (Chapter 3). The scientific evidence was further substantiated by addressing the 
role of genetic polymorphisms involved in aflatoxin-mediated HCC (Chapter 3 and 4, 
respectively). The role of hepatitis infections as important risk factors of HCC is addressed in 
Chapter 5. The potential relevance of simultaneous exposure to both peanut butter (aflatoxins) 
and hepatitis B infection for the prevention and control of HCC in Sudan is addressed in 
Chapter 6. 
The main study included ca 150 cases and 200 controls enrolled from the two study regions in 
Sudan (West and Center). It accounted for the limited size and other methodological limitations 
of the explorative study. HCC cases from the two regions were recruited using of admission 
lists of the five most important hospitals in Khartoum. Controls from each region were 
recruited by means of a multistage sampling procedure using lists of inhabitants present at so-
called "sugar shops" in each chosen locality. The population of the two regions together was 
taken as the study population, with the number of controls proportional to the population size 
of each region. Thus, the range of exposure to aflatoxins was considered to be large, which 
may contribute to observing a strong association. All participants were investigated using a 
standardized questionnaire inquiring about social and demographic factors, food habits with 
special reference to peanut butter consumption and peanuts storage systems. In addition, 
confounders such as hepatitis have been investigated as well as drinking and smoking habits. 
The association between peanut butter intake, as a dietary source of exposure to aflatoxins and 
the GSTM1 genotype in the etiology of HCC has been studied (Chapter 3). A positive 
association was observed for the highest vs lowest category of peanut butter consumption with 
the OR (95% CI) being 3.0 (1.6-5.5). The positive association with peanut butter consumption 
was limited to subjects having the GSTM1 null genotype with the OR for highest vs lowest 
quartile being 16.7 (2.7-105). However, the association between mud building storage types 
and HCC was less clear in the main study (OR 1.6,1.1-2.5) than in the explorative study 
(Chapter 2). 
The role of the genetic polymorphisms of GSTT1 and EPHX in aflatoxin-related HCC was 
studied in Chapter 4. Like GSTM1, GSTT1 showed no association with HCC. The 
combinations of EPHX 113HH/139HH genotype carriers showed a moderate increased risk of 
HCC with OR 3.10 (1.2- 8.1), but in further analysis this association lost its significance. 
Dissimilar to GSTM1, neither GSTT1 nor EPHX polymorphism modified the association 
between peanut butter consumption and HCC. This might indicate that the latter two genes are 
not important limiting factors in the metabolism of aflatoxins. 
In Chapter 5, the role of hepatitis B virus and hepatitis C virus infections in the etiology of 
HCC in the two study regions is described. The prevalence of HBV and HCV among healthy 
subjects was found to be 7.0% and 1.5% respectively. Hepatitis infections appeared to be an 
important risk factor of HCC since a strong positive association was found between HBV, 
HCV and HCC with odds ratios being 9.8 (5.1-18.9) and 8.3 (2.3-29.9) respectively. In further 
logistic regression analysis, age-adjustment altered these ORs for HBV and HCV to 16.1 (7.4-
34.9) and 4.5 (1.1-18.6) respectively. 
The synergistic effect between hepatitis B virus infection and peanut butter consumption in the 
etiology of HCC is illustrated in Chapter 6. The joint effect of aflatoxin exposure 
(contamination of peanut butter) and hepatitis B infection, was found to be more than additive 
but might also be compatible with a multiplicative effect. Together they may account for 80% 
of all HCC cases in Sudan, about half of this being attributable to aflatoxins. 
The main findings of the studies presented in this thesis and the methodological issues that 
might interfere with the interpretation of the results are discussed in Chapter 7. These findings 
were subsequently compared to other related studies in the same field. Potential implications 
for agriculture and public health measures are discussed including reduction of exposure to 
aflatoxins, which can be achieved by addressing measures required for elimination of fungal 
contamination of crops at both agricultural policy and community level. In addition, health 
measures have to be considered such as immunization for HBV of infants in high incidence 
areas and of high-risk groups in both high and low incidence areas. Finally, directions for 
future research of direct relevance to Sudan and of more general scientific interest are 
considered. 
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The last phase of the Ph.D. started June 1999. During this phase she attended a course on 
Modern Statistical Methods organized by the Netherlands Institute for Health Science (NIHES) 
at Erasmus Medical Center, Rotterdam, with tuition fees paid by the Graduate School VLAG 
(Advanced Studies in Food Technology, Agrobiotechnology, Nutrition and Health Science). 
Upon completion of her PhD. she will resume her duties in the Sudanese Standards and 
Meteorology Organization. A plan for future collaboration with the Department of Public 
Health, Ministry of Health, Sudan will be established. 
List of abbreviations 
AFB, AFM, etc 
CI 
DNA 
EF 
EPHX 
HBV 
HBcAb 
HBsAg 
HCV 
HCC 
ID 
IDR 
GSTM1 
GSTT1 
MH-OR 
OR 
RNA 
RR 
SE 
SD 
Aflatoxin B, aflatoxin M, etc. 
Confidence interval, usually 95% CI 
Deoxyribo nucleic acid, molecular carrier of genetic information 
Etiological fraction, proportion of cases attributable to an 
etiological factor 
DNA sequence coding for microsomal epoxide hydrolase (mEH) 
Hepatitis B virus 
Hepatitis B core antibody 
Hepatitis B surface antigen 
Hepatitis C virus 
Hepatocellular carcinoma, primary liver cancer 
Incidence density, rate of disease occurrence 
Incidence density ratio, comparing ID in exposed versus 
unexposed, this be estimated in a case- control study by the OR 
DNA sequence coding for glutathione-S-transferase 1 (GST-mu) 
DNA sequence coding for glutathione-T-transferase 1 (GST-theta) 
MH-OR is the OR adjusted for potential confounders using the 
Mantel-Haenszel procedure 
Odds ratio, estimate of disease risk in exposed versus unexposed 
Ribo nucleic acid, transcript from DNA to be translated to amino 
acid sequence of proteins 
Relative risk, disease risk in exposed versus unexposed 
Standard error, sampling error of the estimate of a mean (SE = 
SD/Vn), proportion (SE = V[p(l-p)/n] or other for measures of 
association (e.g. difference of means or the OR) 
Standard deviation 
